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Cell-matrix and cell-cell adhesions are often characterized as functionally distinct adhesion systems
within the cell that mediate different proliferative outcomes. In contrast to the widely accepted proproliferative effect of cell-matrix adhesion, the proliferative effect of cadherin-dependent cell-cell
adhesion remains unresolved. While the majority of studies demonstrate that cadherins mediate contact
inhibition of proliferation, there have also been compelling reports of cadherins stimulating cell cycling.
Here, we show that matrix stiffness is the mechanistic basis for crosstalk between N-cadherin at cell-cell
junctions and focal adhesion kinase (FAK) at cell-matrix adhesions, and that this interplay between
adhesive systems modulates the proliferative role of N-cadherin.
We demonstrate that N-cadherin is induced in smooth muscle cells (SMCs) following vascular injury, an in
vivo model of tissue stiffening and proliferation. Complementary experiments on deformable
polyacrylamide hydrogels demonstrate that stiffness-mediated activation of a FAK-p130Cas-Rac signaling
pathway results in induction of N-cadherin. To understand the functional consequence of this adhesiondependent crosstalk in cell proliferation, we next used micropatterned islands of different shapes and
sizes to control cell-cell contact and cell-matrix adhesion, respectively. Paired and unpaired SMCs on
micropatterned substrates of different areas show that N-cadherin stimulates proliferation by relaxing the
spreading requirement for proliferation. In vivo SMC deletion of N-cadherin strongly reduces injuryinduced cycling. Moreover, SMC-specific deletion of FAK inhibits proliferation after vascular injury, and this
is accompanied by reduced induction of N-cadherin. We conclude that stiffness- and FAK-dependent
induction of N-cadherin connects cell-matrix to cell-cell adhesion and overrides the spreading
requirement for proliferation.
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ABSTRACT

MECHANICAL CROSSTALK BETWEEN CELL-CELL AND
CELL-MATRIX ADHESIONS AND MODULATION OF N-CADHERIN MEDIATED
PROLIFERATION BY CELL SPREADING

Keeley L. Mui
Richard K. Assoian
Christopher S. Chen

Cell-matrix and cell-cell adhesions are often characterized as functionally distinct
adhesion systems within the cell that mediate different proliferative outcomes. In contrast
to the widely accepted pro-proliferative effect of cell-matrix adhesion, the proliferative
effect of cadherin-dependent cell-cell adhesion remains unresolved. While the majority
of studies demonstrate that cadherins mediate contact inhibition of proliferation, there
have also been compelling reports of cadherins stimulating cell cycling. Here, we show
that matrix stiffness is the mechanistic basis for crosstalk between N-cadherin at cell-cell
junctions and focal adhesion kinase (FAK) at cell-matrix adhesions, and that this
interplay between adhesive systems modulates the proliferative role of N-cadherin.
We demonstrate that N-cadherin is induced in smooth muscle cells (SMCs)
following vascular injury, an in vivo model of tissue stiffening and proliferation.
Complementary experiments on deformable polyacrylamide hydrogels demonstrate that
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stiffness-mediated activation of a FAK-p130Cas-Rac signaling pathway results in
induction of N-cadherin. To understand the functional consequence of this adhesiondependent crosstalk in cell proliferation, we next used micropatterned islands of different
shapes and sizes to control cell-cell contact and cell-matrix adhesion, respectively. Paired
and unpaired SMCs on micropatterned substrates of different areas show that N-cadherin
stimulates proliferation by relaxing the spreading requirement for proliferation. In vivo
SMC deletion of N-cadherin strongly reduces injury-induced cycling. Moreover, SMCspecific deletion of FAK inhibits proliferation after vascular injury, and this is
accompanied by reduced induction of N-cadherin. We conclude that stiffness- and FAKdependent induction of N-cadherin connects cell-matrix to cell-cell adhesion and
overrides the spreading requirement for proliferation.
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Chapter 1

INTRODUCTION

1.1 Cell Adhesion
Amid a complex milieu of chemical and mechanical signals, cells rely on
adhesion receptors to make sense of their extracellular environment. Adhesion receptors
are poised on the cell surface and therefore well situated to coordinate signals between
extracellular and intracellular spaces. Integrin-based cell-matrix interactions (focal
adhesions) and cadherin-dependent cell-cell contacts (adherens junctions) are two
primary adhesion systems that physically link cells to their surroundings (Figure 1.1).
However, integrins and cadherins are more than simple tethers to extracellular
components. As transmembrane proteins with extracellular and cytoplasmic domains,
they also serve as conduits for transducing external mechanical cues into intracellular
biochemical signals, which in turn, regulate transcriptional and post-transcriptional
programs governing basic cellular processes. Defects in cellular machinery or changes in
a cell’s physical environment that alter cell adhesion often lead to pathogenesis (Jaalouk
and Lammerding, 2009). Proper adhesion is therefore necessary for maintaining normal
cellular behavior including proliferation, migration and differentiation.
The following sections provide an overview of integrin-based cell-matrix
adhesions, cadherin-dependent cell-cell adhesions and the mechanisms of crosstalk
between these two systems.
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Focal adhesion
F-actin

Adherens junction
Integrin

β-catenin

F-actin
p120-catenin

Type I cadherin

Extracellular matrix

α-catenin

Figure 1.1: Cell-matrix and cell-cell adhesions. Integrin-based focal adhesions
adhere cells to the underlying extracellular matrix, whereas cadherin-dependent
adherens junctions mediate contact between neighboring cells. Integrin ligation
to ECM stimulates recruitment of different kinases, adaptor proteins and actin
binding proteins to establish focal adhesions. In adherens junctions, cadherins on
adjacent cells bind to each other in a homophilic fashion. The cytoplasmic
domain of cadherins binds to different catenins, which provide stability and
linkage to the actin cytoskeleton.

1.1.1 Cell-matrix adhesion: cxtracellular matrix, integrins and focal adhesions
The extracellular matrix (ECM) forms an intricate network of insoluble proteins
that provides a deformable yet resistant scaffold to which cells adhere. Adherent cells
pull and exert forces on ECM, and the stiffness of the ECM profoundly influences
different cell processes – differentiation, proliferation, migration and survival (Discher et
al., 2005a; Engler et al., 2006; Gilbert et al., 2010; Lo et al., 2000; Prager-Khoutorsky et
al., 2011; Yeung et al., 2005). ECM stiffness is determined by matrix protein composition
and density, as well as the activity of various remodeling enzymes that crosslink or
cleave matrix proteins. For example, enzymes such as lysyl oxidase crosslink elastin and
collagen fibrils to modulate matrix stiffness, and various matrix metalloproteinases
proteolytically cleave specific matrix proteins to remodel the ECM. Subtle changes in the
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ECM stiffness are initially sensed by integrins, and propagated into the cell as mechanical
signals to guide cell behavior.
Integrins, so named because they were identified as integral membrane proteins
linking ECM to the cytoskeleton (Hynes, 2004), are heterodimeric proteins composed of
an α- and a β-subunit. 18 α- and 8 β-subunits associate into various heterodimers to form
24 unique integrins that bind to distinct, and partially overlapping subsets of ECM
ligands including collagen, fibronectin, laminin and vitronectin (Harburger and
Calderwood, 2009). Ligation of integrins to matrix proteins triggers downstream events
leading to the formation of large multi-protein complexes called focal adhesions (FAs)
(Geiger et al., 2009) (See Figure 1.1, Focal adhesion). Molecular constituents within FAs
are diverse and varied. Types of proteins found in FAs include kinases (focal adhesion
kinase, Src), Rho GTPases (Rac1, RhoA), actin-binding proteins (vinculin, filamin) and
scaffolding proteins (p130Cas, paxillin).
Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase and is one of the
first kinases activated in FAs downstream of integrin ligation, triggering a cascade of
phosphorylation events that further recruit proteins to aid in FA maturation (Mitra et al.,
2005). Recently, our lab found that a FAK-p130Cas-Rac signaling pathway is activated
in response to stiff matrix (Bae et al., 2014) (Figure 1.2). Increased matrix stiffness
promotes autophosphorylation of FAK at Y397 which allows for recruitment of Src to
FAs (Mitra and Schlaepfer, 2006). Src subsequently phosphorylates FAK at its kinase
activity site Y576, thus creating a binding site for p130Cas. Phosphorylation of p130Cas
at Y410 by Src leads to the recruitment of the CrkII adaptor protein and the DOCK180
Rac GEF. In turn, Rac activation induces expression of cyclin D1 to promote S phase
3

	
  

entry. Following FAK activation, various actin-binding proteins that form linkages to Factin, as well as key signaling proteins that stimulate actin polymerization and myosin
activity, are also recruited to FAs. Enhanced tension from increased actin-myosin
contractility drives FA maturation and stability. FAs are dynamic adhesion structures
subject to modification in response to the needs of cells.

!ECM stiffness
FAK

Y397
P

Y861
P
Y410
P

Src

p130Cas

CrkII
DOCK180

Rac-GTP

cyclin D1
Figure 1.2: Stiffness-activated FAK-p130Cas-Rac signaling induces cyclin
D1 expression. As described by Bae et al., increased substrate stiffness activates
a FAK-p130Cas-Rac signaling module that drives S phase entry through
induction of cyclin D1. Dashed black arrows indicate phosphorylation by Src.
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1.1.2 Cadherin dependent cell-cell adhesion
Different families of specialized proteins, including cadherins, selectins and Ig
superfamily CAMs, mediate cell-cell adhesion. This section will discuss cadherins, which
are the major cell-cell adhesion molecules and the most well-studied.
Cadherins, as their name suggests, are transmembrane calcium-dependent
adhesion molecules that engage homophilically with apposed cadherins on adjacent cells
to form adhesion structures known as adherens junctions (AJs). Members of the cadherin
superfamily are characterized by a common extracellular cadherin (EC) domain which
vary in number and configuration among different cadherin types. The subfamily of type
I classical cadherins, which includes E-, N-, P- and R-cadherin, is characterized by five
EC domains (EC1-EC5) (Halbleib and Nelson, 2006). A conserved HAV tripeptide motif
in EC1 is critical for trans homophilic binding (Chen et al., 2005). Type I cadherins form
complexes with different catenins intracellularly: p120 catenin binds to the
juxtamembrane domain to stabilize the cadherin at the plasma membrane, and β–catenin
binds to the C-terminal cadherin tail and interacts directly with α–catenin to physically
link the cadherin-catenin complex to the actin cytoskeleton (Gumbiner, 2005) (See Figure
1.1, Adherens junction).
Interactions between catenins at AJs and recruited signaling molecules regulate
junction stability and local actin dynamics. For example, p120-catenin binds and
inactivates RhoA (Anastasiadis and Reynolds, 2001) while stimulating Rac and Cdc42
activity (Noren et al., 2000). Moreover, α–catenin can recruit other F-actin binding
proteins, such as vinculin and EPLIN, to further reinforce tension at AJs (Kobielak and
Fuchs, 2004). Similar to FAs, AJs are also stabilized by actin-myosin generated tension.
5

	
  

The molecular constituents of FAs and AJs are dynamic and context-dependent as
different molecules are recruited to adhesions as they develop and mature. For example,
vinculin is not a constitutive component within AJs and is only recruited under high
tension through increased actin-myosin contractility (Yonemura et al., 2010).

1.2 Crosstalk between cell-matrix and cell-cell adhesions
Cell-cell contacts and cell-matrix adhesions are often described as spatially and
functionally discrete entities, but in fact they are intrinsically linked to each other through
the actin cytoskeleton and share common signaling proteins as well as many downstream
effectors (Weber et al., 2011). Thus, these two adhesion systems form an integrated
network in which they communicate via intersecting biochemical signaling pathways and
mechanical changes in cytoskeletal structure, force and tension. Signals emanating from
cell-cell and cell-matrix adhesions converge to remodel actin cytoskeletal structure and to
regulate key signaling pathways involved in proliferation, migration, survival and
differentiation. At the tissue level, cell-cell and cell-matrix adhesions in a multicellular
population are integrated to form a network whereby local forces are transmitted long
range (Wang et al., 2014) to globally regulate collective migration (Tambe et al., 2011)
and patterning processes during morphogenesis (Dzamba et al., 2009; Martin et al.,
2010).
Several reports have demonstrated that strengthening one type of adhesion
opposes formation of the other. FAK activation downstream of integrin ligation led to a
loss in E-cadherin cell-cell contacts (Wang et al., 2006a; Yano et al., 2004). Conversely,
increased cell density competes with cell-matrix adhesions and drives formation of tissue
6

	
  

structures (Guo et al., 2006). However, the view that cell-cell and cell-matrix adhesions
are in a constant tug-of-war is too simplistic. Interactions between cell-cell and cellmatrix adhesions are not necessarily antagonistic, but can also be cooperative and
interdependent. In vasculature and epithelium, integrin-stimulated FAK activity regulates
cadherin organization and is critical for preserving the integrity of VE-cadherin based
AJs (Quadri, 2011; Wang et al., 2004; Yamamoto et al., 2015). Cadherin engagement or
stimulation by mechanical signals also promotes downstream integrin activation (Tzima
et al., 2005; Wang et al., 2006b). The complexity of the crosstalk between FAs and AJs
reflects the intricacy of their connection and reveals multiple levels of regulation (Chen
and Gumbiner, 2006).

1.2.1 Rho family of small GTPases regulates adhesive crosstalk
The Rho family of small GTPases, which include RhoA, Rac1 and Cdc42, are key
regulators of actin cytoskeletal dynamics. RhoA regulates the formation of actin stress
fibers, whereas Rac1 mediates lamellipodia protrusion, and Cdc42 controls filipodia
dynamics. Rho GTPases cycle between a GTP-bound active state and a GDP-bound
inactive state. GEFs (guanine exchange factors), which exchange GDP for GTP, and
GAPs (GTPase-activating proteins), which catalyze GTPase activity, are two major
classes of regulators of GTPase activity. In response to extracellular stimuli, Rho
GTPases translocate from the cytosol to the specific sites within the plasma membrane
where they can interact with different regulators (Fleming et al., 1996; Kranenburg et al.,
1997).
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The assembly and maintenance of FAs and AJs require concerted signaling by Rho
GTPases (Van Aelst and D’Souza-Schorey, 1997; Hall, 1998). In turn, adhesive cues
from integrins and cadherins coordinate Rho GTPase activity (Parsons et al., 2010; Price
et al., 1998; Watanabe et al., 2009). In epithelial cells, Rho and Rac act downstream of
integrin signaling to regulate formation of E-cadherin AJs (Playford et al., 2008). While
Rho activity is required for regulating cell-cell contacts, increased Rho activity disrupts
AJs (Zhong et al., 1997). Thus, transient activation of Rho by integrin binding
(Bhadriraju et al., 2007) can regulate AJ stability. However, as Rho GTPases signal both
upstream and downstream of integrin and cadherin-based adhesions (Huveneers and
Danen, 2009), it is difficult to separate Rho GTPase signals involved in establishing
initial adhesions from those that are responding to changes in adhesion.

1.2.2 Actomyosin contractility regulates adhesive crosstalk
Actin is the main cytoskeletal filament required for adhesion-related force
generation. Actin exists as globular monomers (G-actin) or as assembled filaments (Factin). The actin network is highly dynamic and is maintained by a multitude of actin
interacting proteins that mediate polymerization, stabilization and depolymerization.
Within cells, actin generates force either by polymerizing, which drives extension of the
cell membrane, or by coupling to myosin motor proteins to form a contractile apparatus.
Different types of myosin serve various functions, but non-muscle myosin II is
the primary myosin responsible for generating cellular-level forces. Myosin II is
composed of two heavy chains and four light chains. Phosphorylation of the myosin light
chain subunits (MLC) by myosin light chain kinase (MLCK) enables crossbridge
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interactions between myosin and F-actin, thereby reinforcing the actin network. Rho
kinase (ROCK), which is an effector of RhoA, works doubly by phosphorylating MLC
and also inhibiting the phosphatase activity of myosin phosphatase. Drugs such as Y27632 (Rho kinase inhibitor) or Blebbistatin (myosin II inhibitor) are commonly used to
inhibit cell contractility.
The actomyosin network is intimately linked to FAs and AJs, and is in constant
dialogue with these adhesion systems. Feedback loops relay mechanical signals between
the intracellular actin network and the ECM or neighboring cells through FAs and AJs,
respectively. Cells adapt to increases in matrix rigidity or intercellular tension by
enhancing actomyosin contractility to adjust intracellular stiffness. Although Figure 1.3
illustrates the dynamic interaction between the actomyosin network and focal adhesions,
this can be extended to cadherin-dependent cell-cell adhesions as well.
The actin cytoskeleton regulates crosstalk between integrins and cadherins.
Traction forces exerted at integrin-based adhesions directly alter tension at AJs
(Maruthamuthu et al., 2011). Indeed, disruption of E-cadherin AJs in colon cancer cells is
a direct consequence of elevated Src activity that leads to enhanced integrin adhesion,
FAK phosphorylation (Avizienyte et al., 2002) and accumulation of phosphorylated
myosin at the cell periphery (Avizienyte et al., 2004). However, Src-regulated
actomyosin contractility is also necessary to promote integrin-mediated strengthening of
E-cadherin junctions (Martinez-Rico et al., 2010). These studies indicate that tensiondependent signaling relayed through the actin cytoskeleton must be finely tuned to
balance forces between cell-cell and cell-matrix adhesions to regulate their crosstalk.
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Figure 1.3: Interplay between the actin network and cell adhesions. Forces that are generated
by actin polymerization and myosin II-dependent contractility (Step 1) affect focal adhesion
dynamics. Focal adhesion interaction with the ECM, in turn, affects interactions between F-actin
and myosin (Step 2). Rho family GTPases are activated (Step 3) and promote actin
polymerization and contractility through cytoskeleton-regulating proteins (Step 4) and regulate
force-generating machinery (Step 5). Reprinted from Nature Reviews Molecular Cell Biology,
Vol. 10, Geiger, B, Spatz, JP and Bershadsky, AD, Environmental sensing through focal
adhesions, Pages 21-33, Copyright 2009, with permission from Nature Publishing Group.	
  

1.3 Mechanotransduction
While biochemical signaling by soluble factors have been a central focus in cell
biology, mechanotransduction has emerged as an important signaling paradigm that
regulates diverse processes including migration, proliferation and differentiation.
Mechanotransduction is defined as a process whereby mechanical signals are transduced
into biochemical responses. Mechanical forces exist as externally applied forces and as
cell-generated forces mainly at cell-cell and cell-matrix adhesions. Key molecular players
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involved in mechanotransduction include the ECM, integrins and cadherins, and the
actin-myosin network (Humphrey et al., 2014). The ECM serves as a deformable, yet
resistant platform to which cells adhere. Integrins and cadherin serve as physical linkages
to the extracellular environment and are key transducers of mechanical forces. The actinmyosin network forms the contractile apparatus within cells to generate intracellular
force.

1.3.1 Integrins and cadherins in mechanotransduction
Integrins have been implicated as key transducers of multiple types of mechanical
stimuli including shear stress, cyclic strain, hydrostatic pressure and osmotic forces
(Katsumi et al., 2004). These types of mechanical forces can lead to increased tension at
integrin-based focal adhesion, which induces clustering and subsequent phosphorylation
of FAK (Schlaepfer et al., 1999). Increasing force at integrin adhesions is a necessary
step in adhesion maturation, but the resultant biochemical signals that are propagated
subsequently regulate cell behavior. For examples, force-regulated strengthening of focal
adhesion activates pathways that promote cell cycle progression.
While the role of integrins in mechanotransduction have been widely studied,
accumulating evidence also demonstrate that cadherins are capable of sensing, resisting,
and transducing forces between cells (Leckband et al., 2011). Direct evidence of
cadherins as mechanosensors come from studies using unique platforms to investigate
forces at cadherin-based adhesions. For instance, FRET-tension biosensors were used to
directly demonstrate that VE- and E-cadherin respond to tension at intercellular junctions
and are active transducers of force (Borghi et al., 2012; Conway et al., 2013). Moreover,
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le Duc et al. employed magnetic twisting cytometry to show that tension at cadherin
junctions depended on actomyosin contractility and is modulated by vinculin (le Duc et
al., 2010).

Analogous to force-dependent strengthening of integrin-based focal

adhesions, myosin II-dependent generation of intercellular tension modulated the length
of cell-cell contacts in geometrically constrained cell doublets on patterned micropillar
arrays (Liu et al., 2010). These studies demonstrate the mechanosensory capabilities of
cadherins and suggest that cadherins play a much broader role in different cellular
processes.

1.3.2 Stiffness sensing by cells
Cells sense the stiffness of their extracellular environment and adjust their internal
tension to match the rigidity of the underlying substratum (Solon et al., 2007).
Extracellular stiffness and intracellular tension are therefore tightly coupled. In response
to external forces pushing or pulling on them, cells generate traction forces to pull back
on the ECM or on adjacent cells. Stiffer substrata sustain greater traction forces from
cells. In balancing external and internal forces, cells are able to maintain tensional
homeostasis. They do so by actively adapting to mechanical stimuli through altering
expression of FA and AJ proteins, reorganizing cytoskeletal structure and adjusting actinmyosin contractility (Chen, 2008).
Intuitively, a stiffer matrix is more resistant than a softer matrix to tugging forces
exerted by adherent cells. The stiffness or elasticity of a material is formally reported as
Young’s elastic modulus, which describes the resistance of a material to deformation.
Elastic modulus, defined as the ratio of stress to strain, can be measured by applying
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force to a defined area of the material (stress), and measuring the resulting geometric
changes in the shape of the material (strain) (Janmey and Miller, 2011). The elastic
moduli of cells and cellular matrices are often measured by atomic force microscopy
(AFM) and reported in units of Pascals (Pa = newton/m2).
Culturing cells on non-deformable glass or tissue culture plastic, which are orders
of magnitude stiffer than biological tissues (Figure 1.4), dramatically alters signaling
pathways and cell behavior. Our lab utilizes polyacrylamide hydrogels as biocompatible
substrates that mimic the physiologic stiffness of tissues (Cretu et al., 2010).
Polyacrylamide hydrogels allow for more precise control of substrate stiffness, and
elasticity can be varied independently of matrix protein concentration.

Figure 1.4: Elastic modulus of physiological tissues and traditional nondeformable cell culture substrates. Reprinted from Journal of Cell Science,
Vol. 124, Janmey, PA and Miller, RT, Mechanisms of mechanical signaling in
development and disease, Pages 9-18, Copyright 2011, with permission from The
Company of Biologists Ltd.

The stiffness of the underlying substratum to which cells adhere is an important
determinant of cell phenotype and behavior (Discher et al., 2005b). As all cells are
sensitive and responsive to mechanical forces, understanding how mechanical signals
guide cell behavior is fundamentally important. This is especially relevant in the study of
diseases such as cancer, fibrosis and cardiovascular disease, in which tissues undergo
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pathological stiffening. Proper mechanotransduction is essential for maintaining normal
tissue homeostasis, and imbalances can lead to the development of disease (Jaalouk and
Lammerding, 2009; Janmey and Miller, 2011). Within pathologically stiffened tissues,
the mechanical environment is significantly altered such that it redirects cell behavior to
promote the progression of disease.

1.3.3 Cell spreading and shape
Cell spreading is a principal mechanism by which cells achieve mechanical and
chemical homeostasis. After cells initially adhere to a substrate, they must then spread in
order to make sufficient contact with the underlying matrix. Spreading is a concerted
process that requires continual input from a host of different molecular components: a
deformable ECM, mechanosensitive integrin-based FAs and cadherin-dependent AJs, a
contractile actin-myosin network, Rho GTPases and other actin regulators. Cell spreading
is a direct response to substrate stiffness and is a process that initiates the build-up of
force within cells (Tan et al., 2003). This force build-up further drives cytoskeletal
reorganization and is critical for focal adhesion formation and initiating cadherindependent cell-cell contacts.
Cell shape is more than a superficial characterization of a cell’s appearance and
size. Studies using micropatterned adhesive islands to exact precise control of cellular
geometry demonstrate that shape is a powerful regulator of apoptosis, proliferation and
differentiation (Chen et al., 1997; Mcbeath et al., 2004). There are a multitude of
environmental factors that regulate cell spreading and shape: substrate stiffness, the
distribution and concentration of integrin ligands, and cell density. Moreover, the ratio of
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cell-cell to cell-matrix adhesions can determine the precise shape of cells and influence
the roles of cells within tissues (Montell, 2008).

1.4 Proliferative regulation by integrin and cadherin signaling

1.4.1 Integrin-regulated proliferation
Early studies have established the importance of anchorage dependence for cell
survival (Stoker et al., 1968). Studies using purified fibronectin led to the discovery of
integrins as the physical link between the cell’s cytoskeleton and the extracellular matrix.
Treatment with fibronectin restored cell spreading, adhesiveness and cytoskeletal
reorganization (Ali et al., 1977; Yamada et al., 1976). Integrins signals alone, however,
cannot sustain cell growth and proliferation (Chen et al., 1994; Morino et al., 1995).
Extensive studies of cells in culture have shown that integrins stimulate the activities of
FAK and Rho family GTPases and must work in conjunction with growth factor
receptors to provide necessary co-stimulatory signals for proliferation (Assoian and
Klein, 2008; Chrzanowska-Wodnicka and Burridge, 1996; Geiger et al., 2001; Mitra et
al., 2005; Parsons et al., 2010; Schwartz, 2010).
Concerted signaling from both integrins and growth factors are essential for cell
cycle progression (Assoian et al., 2001). Several groups have reported that the ERK
(extracellular signal-regulated kinase)/MAP (mitogen-activated protein) signaling
pathway requires joint stimulation from growth factors and integrin adhesion to ECM
(Lin et al., 1997; Miyamoto et al., 1996; Renshaw et al., 1997). FAK activation
downstream of integrin-matrix adhesion is a key event and can drive cell cycle
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progression in multiple ways through recruitment of paxillin (Barberis et al., 2000),
activation of the JNK pathway (Oktay et al., 1999) or induction of p21 and cyclin D1
(Zhao et al., 2001).
Rho GTPases work closely with integrins to coordinate downstream cell cycle
events, specifically transcription of cyclin D1. For instance, integrin-mediated
translocation of Cdc42 to the plasma membrane leads to downstream activation of the
PI3K/Akt signaling pathway (Clark et al., 1998), which is required for the induction of
cyclin D1 (Gille and Downward, 1999; Takuwa et al., 1999). Moreover, integrinstimulated cell spreading and remodeling of the actin cytoskeleton enhances transcription
of cyclin D1 mRNA (Huang et al., 1998; Zhu et al., 1996) through Rac-dependent
signaling. In agreement with this, more recent studies have identified that FAK- and Racdependent induction of cyclin D1 is regulated by substrate stiffness (Bae et al., 2014).

1.4.2 Cadherin-regulated proliferation
In addition to growth factor stimulation and integrin adhesion, cadherindependent cell-cell adhesion is also important in the regulation of proliferation. However,
unlike the mitogenic effects of growth factors and ECM, the effects of cadherins on
proliferation have been more controversial. Several studies have linked cadherin
engagement to inhibition of proliferation, or ‘contact inhibition’, in vitro and in vivo
(Baumeister et al., 2005; Chalasani and Brewster, 2011; Grazia Lampugnani et al., 2003;
Haÿ et al., 2009; Hermiston et al., 1996; Kim et al., 2011; Perrais et al., 2007; Sakane and
Miyamoto, 2013; Soler et al., 1999; Stockinger et al., 2001; Uglow et al., 2003). These
inhibitory effects have been observed with different cadherins and cell types as well as in
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non-oncogenic and oncogenic systems. However, cell-cell contact through cadherins has
also been shown to promote cell cycling in vitro and in vivo (Fournier et al., 2008;
Nelson and Chen, 2002; Reddy et al., 2005; Tinkle et al., 2004; Zhu and Watt, 1996).
Although these studies did not integrate the in vitro and in vivo proliferation experiments
within a single biological system, this diversity of stimulatory and inhibitory responses
strongly suggests that cellular context affects cadherin-mediated proliferation.
Similar to integrins, interplay between cadherins and mitogenic pathways exert
control over proliferation. The degree of E-cadherin contact modulates the effect of EGF
on cell proliferation, such that increased cell density made cells resistant to EGF-induced
proliferation (Kim et al., 2009). This process may be coupled to changes in cytoskeletal
structure, as VE-cadherin adhesion in endothelial cells have been shown to tune
cytoskeletal tension to either stimulate or inhibit proliferation (Nelson and Chen, 2003).
Cadherins can also regulate growth and proliferation in adhesion-independent
manners. In a non-canonical mode of signaling, the EC4 domain of N-cadherin laterally
stimulates fibroblast growth factor receptor (FGFR) on the plasma membrane to activate
downstream signaling resulting in axonal growth in neurons (Williams et al., 2001). Ecadherin association with epidermal growth factor receptor (EGFR) through β–catenin
(Hoschuetzky, 1994) leads to ligand-independent activation of EGFR and subsequent
stimulation of the MAPK pathway (Pece and Gutkind, 2000), which is a key pathway for
proliferation and differentiation. In Drosophila cleavage of the atypical Fat cadherin
generates a fragment that interacts with mitochondrial complexes to modulate
metabolism and enable cell division (Sing et al., 2014). The role of cadherins in
proliferation is complex and multifaceted.
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1.5 Vascular injury: an in vivo model of tissue stiffening and proliferation
We employ the method of fine wire vascular injury in mice as a model of in vivo
tissue stiffening and vascular smooth muscle cell (SMC) proliferation. In healthy arteries,
SMCs are in a differentiated, contractile state and exhibit a low rate of proliferation
(Owens et al., 2004). The insertion of a fine wire into the femoral artery denudes the
endothelial layer, which serves as a selectively permeable barrier shielding the underlying
SMCs in the media from stimulatory factors. Figure 1.5 shows a diagram of the different
layers within an arterial wall. Platelets and other inflammatory cells aggregate at the site
of injury and secrete growth factors, chemokines and cytokines that penetrate the
vascular wall. In response to these stimulatory signals, SMCs undergo a phenotypic
switch and de-differentiate from a quiescent, contractile state into a proliferative,
synthetic state (Rzucidlo et al., 2007). De-differentiated SMCs synthesize and deposit
large amounts of matrix proteins, primarily fibronectin and different types of collagen.
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Figure 1.5: Anatomy of an arterial wall. (A) A mouse femoral artery section
stained for elastin in order to more clearly visualize the arterial layers. (B)
Diagram of the layers and cell types within an arterial wall.
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Following injury, vascular remodeling occurs over a course of 1-2 weeks during
which time SMCs undergo several rounds of cell division and migrate toward the lumen
of the blood vessel to form a neointima (Figure 1.6A). The neointima is rich with
proliferating SMCs (Figure 1.6B), and SMC proliferation can be directly assessed by
giving mice BrdU prior to sacrifice (Kothapalli et al., 2007). Although inflammatory cells
are present in the nascent neointima, the neointima present weeks after femoral artery
injury is predominantly composed of vascular smooth muscle cells (Roque et al., 2000;
Sata et al., 2000). Similarly, we have not detected neointimal macrophages in our
experiments, which analyzed cell cycling two weeks after vascular injury. These data
support our use of BrdU labeling as a method to assess SMC proliferation.
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Figure 1.6: Mouse femoral arteries following vascular injury. The neointima,
which is an outgrowth of vascular smooth muscle cells in response to vascular
injury, is the region between the internal elastic lamina (white dashed line) and
lumen. (A) An injured mouse femoral artery section that has been stained for
elastin shows the formation of a large neointima. (B) BrdU staining indicates that
the neointima rich with proliferating cells.

Interrogating tissue stiffness by atomic force microscopy (AFM) demonstrated
that injured arteries in mice exhibit a more than 3-fold increase in elastic modulus as
compared to normal arteries (Klein et al., 2009) (Figure 1.7). Excessive proliferation of
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cells can increase intracellular tension, enhance interstitial pressure and ultimately lead to
tissue compression (Butcher et al., 2009). All of these events alter the mechanical
properties of the tissue and promotes tissue stiffening. As vascular injury elicits an acute
proliferative response and a significant increase in tissue stiffness, it provides an
excellent in vivo setting to study cell proliferation in the context of a stiffened
environment. Moreover, we can directly examine the proliferative effect of adhesive
crosstalk in an in vivo setting uncomplicated by oncogenic deregulation.
A

B

Figure 1.7: Elastic modulus of mouse femoral arteries. (A) Representative
images of uninjured and injured femoral arteries from SMA-GFP mice collected
2 weeks after the fine-wire injury procedure. In SMA-GFP transgenic mice, the
smooth muscle actin promoter drives expression of GFP. As SMA is only
expressed by differentiated SMCs, the GFP-positive regions indicate
differentiated SMCs, whereas black regions contain SMCs that have dedifferentiated in response to injury and no longer express SMA. (B) AFM was
used to measure the elastic modulus of several GFP positive regions of uninjured
arteries and GFP-negative regions of injured arteries. The figure compiles AFM
measurements obtained from 4 mice. p = 0.0029 (one-way t-test with Welch
correction for unequal variance; p for unequal variance <0.0001). Figure
reprinted from Current Biology, Vol. 19, Klein, E. A, Yin, L., Kothapalli, D.,
Castagnino, P., Byfield, F.J., Xu, T., Levental, I., Hawthorne, E., Janmey, P. A,
and Assoian, R.K., Cell-cycle control by physiological matrix elasticity and in
vivo tissue stiffening, pages 1511–1518, Copyright 2009, with permission from
Elsevier Inc.
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1.6 Specific Aims

Aim 1: Determine the mechanism by which matrix stiffness regulates crosstalk
between cell-cell and cell-matrix adhesions.
Mechanical signals from matrix stiffness are transduced through cell-matrix and
cell-cell adhesions to regulate different cellular processes, but how stiffness may
coordinate interplay between these two adhesion systems is not understood. In Chapter 3,
I demonstrate that N-cadherin expression is induced in response to tissue and matrix
stiffness and that this is regulated by a mechanosensitive FAK-p130Cas-Rac signaling
pathway (Figure 1.8).
MATRIX STIFFNESS
2 kPa
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FAK

FAKpY397

p130Cas

p130CaspY410

Rac-GDP

Rac-GTP
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Figure 1.8: Mechanosensitive FAK-p130Cas-Rac signaling induces
expression of N-cadherin. Cells on a soft substrate are rounded and unspread,
and express relatively lower levels of N-cadherin. Increasing substrate stiffness
promotes cell spreading, FAK and p130Cas phosphorylation, and Rac activation.
All of these events culminate in the induction of N-cadherin.
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Aim 2: Examine the interplay between FAK and N-cadherin in SMC cycling.
Regulatory cues exerted by cell-ECM and cell-cell adhesions control
proliferation, but the relative contributions of these adhesion systems, and their crosstalk,
to proliferation remain incompletely understood. Early studies with drugs that disrupt
actin polymerization or with micropatterned adhesive islands of distinct sizes revealed
that the adhesion requirement for proliferation is directly related to organization of the
actin cytoskeleton and the degree of actin-mediated cell spreading (Assoian and Klein,
2008; Chen, 1997). In Chapter 4, using micropatterning as an experimental platform to
systematically control cell-cell and cell-matrix adhesion, I demonstrate that N-cadherin
stimulates SMC proliferation and can override the spreading requirement for proliferation
when cell-matrix contact area is constrained (Figure 1.9).

Increased cell
spreading

N-cadherin mediated
cell-cell contact

Fibronectin island
of defined area

G0 / G1 phase

S phase

Figure 1.9: N-cadherin overrides the spreading requirement for
proliferation. Constraining cell shape on a small fibronectin island inhibits cell
proliferation. Unpaired and unspread cells can enter S phase either by increasing
cell spreading making contact with another cell via N-cadherin.
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Chapter 2

MATERIALS and EXPERIMENTAL METHODS

Parts of this chapter have been previously published in Cell Reports (2015) Vol. 10, Mui
K.L., Bae Y.H., Gao L., Liu S.L., Xu T., Radice G.L., Chen C.S., and Assoian R.K., Ncadherin Induction by ECM Stiffness and FAK Overrides the Spreading Requirement for
Proliferation of Vascular Smooth Muscle Cells, Pages 1477-1486.

2.1 Reagents
2.1.1 Commercial Reagents
Cell Culture
DMEM, 1X (Dulbecco’s Modification of Eagle’s Medium) with 1 g/L glucose, Lglutamine and sodium pyruvate (Corning, Cellgro 10-014-CV)
F-12, 1X Ham’s Nutrient Mixture (Gibco, Life Technologies 11765-047)
Fetal bovine serum (FBS) Gibco (Life Technologies) 10437-028
L-glutamine, 200 mM solution (29.2 mg/mL) (Corning, 25-005-CI)
N-2-hydroxyethylpiperazine-N’-2-ethane sulfonic acid (HEPES) 1M buffer
solution (Gibco, 15630-080)
Gentamicin, 50 mg/ml in distilled water (Gibco by Life Technologies, 15750-060)
0.5% Trypsin-EDTA (10X) (Gibco by Life Technologies, 15400-054)
Hank’s balanced salt solution (HBSS) 1X (Gibco, Life Technologies 14170-112)
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bovine serum albumin (BSA), essentially fatty acid free (Sigma, A6003)
Dulbecco’s phosphate buffered saline (DPBS) 1X without calcium and
magnesium (Corning Cellgro, 21-031-CM)
Drugs and Treatments
PF573228, FAK inhibitor (Tocris Bioscience)
Y-27632, Rho kinase inhibitor (Calbiochem)
NSC23766, Rac inhibitor (Santa Cruz)
SP600125, 1,9-Pyrazoloanthrone, JNK inhibitor (EMD)
Tamoxifen (Tocris)
Dimethylsulfoxide (DMSO) (Sigma Aldrich)
Cell and tissue staining
4’,6-diamidino-2-phenylindole (DAPI)
Click-iT® EdU Alexa Fluor® 594 Imaging Kit (Life Technologies, C10339)
SignalStain Cleaved Caspase-3 (Asp175) IHC Detection Kit (Cell Signaling
Technology, #8120)
BrdU (Roche)
Phalloidin-FITC (Invitrogen)
Fluoromount-G (Southern Biotech, 0100-01)
Cytoseal 60 low viscosity mounting medium (Richard-Allan Scientific, 8310-4)
Polyacrylamide hydrogels
12-mm, 18-mm and 25-mm round glass coverslips (Fisher)
40-mm round glass coverslips (Warner Instruments, 64-1696)
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Sodium hydroxide, 0.1M (J.T. Baker)
3-aminopropyltrimethoxysilane (APTMS) (Sigma Aldrich)
Gluteraldehyde (Sigma Aldrich)
Surfasil (ThermoFisher)
Acrylic acid N-hydroxy succinimide ester (NHS) (Sigma Aldrich)
Toluene (Sigma Aldrich)
40% acrylamide/bis-acrylamide solution 37.5:1 (Bio-Rad)
2% bis-acrylamide (Bio-Rad)
Ammonium persulfate (Fisher)
TEMED (Bio-Rad)
Micropatterning and microcontact printing
Superfrost Plus microscope slides (Fisher Scientific, 12-550-15)
UltraPureTM agarose (Invitrogen, 15510-027)
PDMS, Sylgard 184 silicone elastomer base (Dow Corning)
PDMS crosslinker, Sylgard 184 silicone elastomer curing agent (Dow Corning)
bovine plasma fibronectin, 1 mg/mL (Calbiochem, 341631)
F127 pluronics (Sigma Aldrich)
Real time qPCR
TriZol (Invitrogen)
Reverse transcription kit (Applied Biosystems)
2X Taqman buffer (Applied Biosystems)
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2.1.2 Antibodies
Table 2.1 lists the type, source and dilutions of primary antibodies used for western
blotting, immunohistochemistry and immunofluorescence. HRP-linked anti-mouse or
anti-rabbit IgGs (Amersham) were used as secondary antibodies for western blotting.
Biotinylated anti-mouse IgG or anti-rabbit IgG were used as secondary antibodies for
immunohistochemistry. Alexa Fluor 594 chicken anti-mouse IgG or Alexa Fluor 488
donkey anti-rabbit IgG (Invitrogen) were used as secondary antibodies for
immunofluorescence.
Antibody

Type

Source

Dilution

N-cadherin

mouse monoclonal

BD Transduction

610921

WB 1:500; IHC 1:300; IF 1:100

FAKpY397

rabbit polyclonal

Abcam

ab4803

IF: 1:100

FAKpY397

rabbit polyclonal

Invitrogen

44-624G

WB: 1:1000

FAK

mouse monoclonal

BD Transduction

610087

IF: 1:100

FAK

rabbit polyclonal

Santa Cruz

(C-20) sc-558

WB: 1:500

p130Cas

mouse monoclonal

BD Transduction

610271

IF: 1:100

p130CaspY410

rabbit polyclonal

Sigma-Aldrich

SAB4503824

IF: 1:100

GAPDH

rabbit polyclonal

Santa Cruz

sc-25778

WB: 1:1000

Table 2.1: Antibodies, sources and conditions. WB, western blot; IHC,
immunohistochemistry; IF, immunofluorescence.
2.1.3 Adenoviruses
FRNK, FAKY397F, RacN17 and N-cadherin adenoviruses were generously provided by
Christopher Chen (Boston University, Boston, MA). β2-chimaerin adenovirus was a kind
gift from Marcelo Kazanietz (University of Pennsylvania, Philadelphia, PA). GFP
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adenovirus was kindly provided by J. Thomas Parsons (University of Virginia).
Ad5CMVCre adenovirus was purchased from the Viral Vector Core Facility (University
of Iowa Carver College of Medicine, Iowa City, IA). GFP or LacZ (Clontech,
Mountainview, CA) were used as control adenoviruses.

2.1.4 siRNA
siRNAs against mouse FAK (gene name Ptk2) were purchased from Ambion. Table 2.2
lists the sequences for the two different FAK siRNAs used.
siRNA

ID

FAK siRNA 1

157448

Sequence
sense: 5’-CCUAGCAGACUUUAACCAAtt-3’
antisense: 5’-UUGGUUAAAGUCUGCUAGGtg-3’
sense: 5’-GGCAUGGAGAUGCUACUGAtt-3’

FAK siRNA 2

61352
antisense: 5’-UCAGUAGCAUCUCCAUGCCtg-3’

Table 2.2: FAK siRNA sequences.

2.1.5 Real-time PCR primers and probes
Taqman assays for mouse N-cadherin (Mm00483213_m1) and mouse Twist
(Mm04208233_g1*) were purchased from Applied Biosystems (Foster City, CA) and
used at 1:20 dilution. Mouse 18S rRNA was used as a reference.
18S forward primer (150 nM): CCTGGTTGATCCTGCCAGTAG
18S reverse primer (150 nM): CCGTGCGTACTTAGACATGCA
18S Taqman probe (125 nM): VIC-TGCTTGTCTCAAAGATTA-MGBNFQ
(MGBNFQ = minor groove binder non-fluorescent quencher)
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2.2 Cell culture
2.2.1 Isolation of primary vascular smooth muscle cells
Primary vascular smooth muscle cells were isolated from aortas of 3-5 month old
C57BL/6 mice or N-cadherinfl/fl mice of either gender as described previously described
(Cuff et al., 2001). Mice were sacrificed and perfused with PBS through the left ventricle
of the heart to clear blood from the aorta. The thoracic aorta was dissected and cleaned of
excess fat tissue. In a dish of PBS, aortas were cut longitudinally to expose the intimal
surface. Forceps were used to gently scrape the lumenal side of the tissue in order to
remove endothelial cells, and aortas were transferred to a new dish containing fresh PBS.
Each aorta was then placed in a small droplet of medium and cut into small strips. The
pieces of aorta were then distributed among 3 25-uL droplets of medium in a clean 60mm
tissue culture dish. A 18-mm glass coverslip was placed on top of each droplet with tissue,
and 4 mL of medium was added to the dish while ensuring that the glass coverslips were
immersed and did not float up. Aortic explants were kept in a 37°C incubator with 10%
CO2 for approximately 2 weeks until smooth muscles cells had grown and migrated out
of the tissue. Primary smooth muscle cells can be passaged up to 4 times.

2.2.2 Maintenance of cell lines
MEFs (spontaneously immortalized mouse embryonic fibroblasts and primary Ncadherinfl/fl MEFs) were maintained in DMEM and used at passages 4-12. Primary mouse
vascular SMCs from wild-type B6 or N-cadherinfl/fl mice were maintained in DMEM/F12
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and used at passages 2-5. MEF and SMC media contained 10% FBS, 2 mM L-glutamine,
2 µM HEPES and Gentamicin.

2.2.3 Treatment of cells with inhibitors
Cells were treated with 10 µM Y-27632 (Calbiochem) in DMSO, 150 µM NSC23766
(Santa Cruz Biotechnology) in water, or 1-20 µM PF573228 (Tocris) in DMSO.

2.3 Adenoviral infection
2.3.1 Adenovirus amplification
HEK293A were maintained in high glucose DMEM (Gibco 11995-065) with 10% FBS
and Gentamicin. When cells reach 70% confluence, the medium is changed to high
glucose DMEM containing 5% FBS and Gentamicin. Cells were then infected with 1 µL
of the stock adenovirus and incubated for 5-6 days or until approximately 90% of the
cells had detached, after which time, cells and medium were collected and pelleted by
centrifugation at 174 x g for 10 minutes. The medium was then aspirated and the pellet
was washed with 5% sucrose in PBS 3 times and re-suspended in 4 mL 5% sucrose in
PBS. Cells were then lysed by freezing in liquid nitrogen followed by thawing at 37°C
for 5 cycles. The supernatant containing the virus was collected by centrifugation at 174
x g for 10 minutes and syringe filtered through a 0.8 µm filter followed a second filtration
with a 0.22 µm filter.
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2.3.2 Adenovirus titering
Adenoviruses were titered according to the manufacturer’s protocol in the Adeno-X
Rapid Titer Kit from Clontech (632250).

2.3.3 Adenovirus infection
In experiments where cells were synchronized at G0, cells were infected with
recombinant adenoviruses for the last 24 hours of serum starvation. Adenoviruses
encoding Cre, FRNK, FAKY397F, RacN17, β2-chimaerin, N-cadherin, GFP and LacZ were
used at 1000 MOI. Cells were incubated with adenovirus for 16-24 hours before medium
was changed or before cells were collected for protein or RNA.

2.4 siRNA transfection
Cells between 70 and 80% confluence were transfected with 200 nM siRNA for 4-5 h
using Lipofectamine 2000 (Invitrogen) in OPTI-MEM. A nonspecific Control Duplex X
siRNA (5’-NNATTCTATCACTAGCGTGAC-3’) was obtained from Thermo Fisher
Dharmacon. FAK siRNAs were obtained from Ambion. Following siRNA transfection,
cells were incubated overnight in DMEM (MEFs) or DMEM/F12 (SMCs) containing
10% FBS (Klein et al., 2007). Experiments with siRNA typically used 30-50 cells/µm2.
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2.5 Polyacrylamide hydrogels
2.5.1 Preparation of polyacrylamide hydrogels
The method of preparing polyacrylamide hydrogels is extensively described by (Cretu et
al., 2010; Klein et al., 2007). Hydrogels were coated with 5 µg/mL bovine plasma
fibronectin (Calbiochem, 341631) overnight at 4°C on a rocking platform. 12-mm
hydrogels were used for immunofluorescence, 18-mm or 25-mm hydrogels were used for
mRNA extraction, and 40-mm hydrogels were used for protein extraction. Table 2.3 lists
the volumes poured for different sized coverslips. For immunofluorescence, a smaller
volume of polyacrylamide solution is poured to minimize the height of the gel.
Type of sample

Glass coverslip diameter

Volume

Immunofluorescence

12-mm

15 µL

RNA extraction

18-mm, 25-mm

35-50 µL

Protein extraction for western blotting

40-mm

450 µL

Table 2.3: Hydrogel coverslip sizes and volumes.

2.5.2 Collection of samples from polyacrylamide hydrogels
To extract protein, 40-mm hydrogels were inverted face down onto 100 µL of 5X
reducing SDS sample buffer containing 0.5 mM β-mercaptoethanol for 1 minute. Cells
are then removed by gently scraping with a cell scraper and collected in a
microcentrifuge tube. Protein samples are boiled at 95°C for 10 minutes to denature
protein. For total RNA, 18mm or 25mm hydrogels were transferred to new dishes and
incubated in TriZol for 5 minutes until cells were completely lysed. Total RNA was then
isolated following the manufacturer’s instructions.
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2.6 Preparation of adhesive micropatterned islands
Master fabrication and agarose micropatterning have been previously described in Nelson
et al. (Nelson et al., 2007). Microcontact printing has been described in Henry et al.
(Henry et al., 2014). A diagram of the workflow for agarose micropatterning and
microcontact printing is shown in Figure 2.1.

A

B

AGAROSE MICROPATTERNING

MICROCONTACT PRINTING

PDMS stamp
90°

PDMS stamp
90°

UVO-treated PDMS stamp

Ink PDMS stamp with FN

Glass slide
Seal stamp and slide

Wash and dry
Wick agarose
Stamp
UVO-treated PDMS substrate

Remove stamp, coat with FN

Remove stamp
Block non-adhesive regions with F-127

Wash

Seed cells

Seed cells

90°

90°

Microcontact printed
substrate with cells

Agarose micropatterned
substrate with cells

Figure 2.1: Workflow for preparing adhesive micropatterned islands. (A) Agarose
micropatterning. (B) Microcontact printing.
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2.6.1 Molding of PDMS stamps
Polydimethylsiloxane (PDMS) stamps were cast from a silicon master with 20 µm high
photoresist-patterned features of 50 µm x 50 µm, 70 µm x 70 µm or 100 µm x 100 µm
squares or paired diamonds with a 10 µm neck at the overlap (Figure 2.1). Silicon masters
were fabricated by Christopher Yu (Assoian, Rader and Chen labs) and Nathan Bade
(Stebe lab).
UNPAIRED

PAIRED

50 µm

10 µm
50 µm

Figure 2.2: Agarose micropatterned islands. Phase images of 50 µm x 50 µm
unpaired and paired adhesive micropatterned islands.

A 10:1 (w/w) PDMS polymer: curing agent solution was mixed thoroughly and placed in
a desiccator under house vacuum for at least 1 hour to remove air bubbles. The degassed
PDMS was then poured onto the silicon master and baked overnight at 65°C. For a 4-inch
diameter silicon master in a plastic weigh boat, 45 g of PDMS was used. After curing,
hardened PDMS was peeled off the master and trimmed to appropriately sized stamps.

2.6.2 Agarose micropatterning
PDMS stamps were trimmed so that the side with features is about a 0.5 cm x 1 cm
rectangle, and glass slides (Fisher Scientific, 12-550-15) are cut into 2 cm x 2 cm squares.
The trimmed PDMS stamps and cut glass slides were cleaned by sonication in 95%
ethanol for 10 minutes and dried using compressed N2. Agarose (0.1 g) was added to 10
	
  
	
  

33

mL deinonized water and heated in the microwave until the agarose melted. While the
agarose was hot, 6.6 mL 100% ethanol was added to make a 0.6% agarose solution. The
0.6% agarose solution was kept warm in a beaker of hot water on a hot plate set between
70 and 80°C. PDMS stamps, feature-side up, were rendered hydrophilic by UV-ozone
treatment for 5 minutes and immediately sealed onto glass slides with the feature side
down. Using a filtered pipet tip, the agarose solution was added along the broad side of
PDMS stamp/glass interface. The advancing front of the agarose wicking between the
PDMS and glass was visible by eye, and was watched to make sure that the agarose
wicked over as much of the surface as possible. Substrates were placed in desiccator for
1.5 to 2 hours to dry. Agarose was wicked through a second time and then partially dried
for 10 minutes in the desiccator. (Note: If the agarose is too dry, proteins will adsorb and
cells will adhere to the agarose. If the agarose is not dry enough, then it is too compliant
and may lift off the glass when the PDMS stamp is removed.) From this point on,
everything was done in a sterile tissue culture hood. PDMS stamps were carefully
removed by pulling straight up off of the glass. Glass substrates with agarose
micropatterns were immediately immersed in PBS to keep hydrated while other
substrates were prepared. Substrates were then placed in a dry dish and a droplet of 50µg/mL bovine plasma fibronectin in water was placed over the micropatterned region for
30 minutes at room temperature. Substrates were then washed 3 times with sterile
deinonized water. Cells were either seeded immediately on the substrates, or substrates
were kept in PBS at 4°C for up to 2 days before using. For an individual substrate placed
in a single well of a 12-well dish, 2x104 SMCs were seeded.
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2.6.3 Microcontact printing
While the principle of microcontact printing is similar to agarose micropatterning, the
methodology is different. A PDMS stamp with the desired features was “inked” with
fibronectin, and used to stamp a hydrophilic PDMS substrate. Fibronectin can be stamped
onto a PDMS-coated coverslip or a PDMS-coated tissue culture dish. Coated tissue
culture dishes were made by adding 0.5 g or 1 g of a 10:1 (w/w) PDMS polymer: curing
agent solution that has been mixed and degassed, to a 35-mm or 60-mm tissue culture
dish, respectively. PDMS was cured by baking the dishes overnight at 65°C.

PDMS stamps were trimmed to desired sizes, cleaned by sonicating in 95% ethanol and
dried with compressed nitrogen. A 50-µg/mL droplet of bovine plasma fibronectin in
water was added to the feature side of the stamp and incubated for 1 hour at room
temperature. Stamps were then rinsed twice with sterile water and dried with compressed
nitrogen. PDMS-coated dishes were cleaned and rendered hydrophilic by UV-ozone
treatment for 7 minutes. The “inked” stamps were placed feature side down onto the
PDMS substrate. Light pressure was applied by balancing a pair of forceps on top of the
stamp for a few seconds to ensure contact between the stamp and PDMS substrate.
Stamps were carefully removed by lifting directly off of the PDMS substrate, or by
knocking over onto an unstamped region. Non-adhesive regions were blocked in a 0.2%
Pluronic F-127 solution in PBS for 30-60 minutes at room temperature. Taking care not
to de-wet the stamped surface, the Pluronic solution was exchanged with PBS 3 times.
PBS was then exchanged with cell culture medium 3 times. Stamped substrates in
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medium were placed in the incubator for a few minutes to warm the medium before
seeding cells. If stamped substrates were being used later, they were stored in PBS at 4°C
for up to 2 days.

2.7 Determination of S phase entry in SMCs on adhesive micropatterned islands
After 48 h of serum starvation, SMCs were tyrpsinized and seeded on adhesive
micropatterned islands in DMEM/F12 containing 10% FBS with 1:1000 EdU for 48 h.
Cells were then fixed in 3.7% formaldehyde in PBS for 10 minutes at room temperature,
washed 3 times in PBS, permeabilized in 0.5% TritonX-100 in PBS for 15 minutes at
room temperature and washed 3 times in PBS. Samples were then incubated with a ClickiT (Invitrogen) reaction cocktail prepared according to the manufacturer’s instructions for
1 hour in a humidified chamber at room temperature. Each agarose micropatterned
substrate was flipped onto a 50-µL droplet of the Click-iT reaction cocktail. For
microcontact printed substrates with total adhesive area of ~1,500 mm2, a 500-µL droplet
of the Click-iT reaction cocktail is over the fixed cells. Samples were then washed 3
times in PBS, incubated with a 1:100 solution of DAPI for 15 minutes at room
temperature and mounted in Fluoromount-G. Only single or paired cells were analyzed in
the unpaired and paired micropatterns, respectively. The percentage of EdU-incorporated
cells was determined relative to DAPI-stained nuclei. At least 100 cells were counted per
condition.
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2.8 Protein analysis
2.8.1 Western blotting
Western blot analysis was performed using standard conditions and the following
antibodies: N-cadherin (BD Transduction, 610921), FAK (BD Transduction, 610087),
FAKpY397(Life Technologies, 44-624G), FAKpY576 (Cell Signaling Technology, 3281),
FAKpY861 (Abcam, ab81293), p130Cas (BD Transduction, 610271), p130CaspY410 (Cell
Signaling Technology, 4011), paxillin (Santa Cruz, sc-5574), Src (Millipore), Src pY416
(Cell Signaling Technology, 2101), GAPDH (Santa Cruz, sc-25778). For western blots,
protein was collected by inverting 40-mm diameter hydrogels onto 50 µl drops of 5X
SDS sample buffer containing 0.5 mM β-mercaptoethanol. Western blot signals were
detected using enhanced chemiluminescence.

2.8.2 Immunofluorescence staining of cells
Mouse SMCs cultured on micropatterned adhesive islands were fixed in 4%
paraformaldehyde for 15 min, washed in PBS, permeabilized in 0.2% Triton-X for 15
min, and blocked in 2% BSA, 0.2% Triton-X in PBS for 1 hr. SMCs were then incubated
in 30-µl mouse anti-N-cadherin (BD Transduction, 610921; diluted 1:50) or rabbit antiFAKpY397 (Abcam, ab4803; diluted 1:50) overnight at 4oC, washed three times with PBS,
and incubated with 30-µl Alexa-594 anti-mouse or Alexa-488 anti-rabbit secondary
antibodies for 1 h at room temperature. Primary and secondary antibodies were diluted in
2% BSA, 0.2% Triton-X in PBS.
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2.8.3 Immunohistochemical and immunofluorescence staining of paraffin-embedded
tissues
Isolated arteries were embedded in paraffin and cut into 5-µm sections. The sections were
de-paraffinized in xylene, rehydrated, and incubated in antigen retrieval buffer (0.1M
sodium

citrate,

Tween-20,

pH

6.0)

for

20

min

at

near

boiling.

For

immmunohistochemical staining of N-cadherin and immunofluorescent staining of
FAKpY397, the sections were blocked with 1% goat serum and 2% BSA in 0.1M Tris-HCl,
pH 7.6 for 1 h at room temperature. Primary and secondary antibodies were diluted in 1%
goat serum with 2% BSA in 0.1 M Tris-HCl, pH 7.6. The samples were incubated with
25 - 50-µl mouse anti-N-cadherin (BD Transduction, 610921; diluted 1:300), rabbit antiFAKpY397 (Abcam, ab4803; diluted 1:100), or rabbit anti-p130CaspY410 (Sigma
SAB4503824; diluted 1:100) overnight at 4oC, washed three times with 0.1 M Tris-HCl,
pH 7.6, and then incubated for 1 h at room temperature with a biotin-labeled anti-mouse
(Vector Laboratories) for N-cadherin, Alexa-488 anti-rabbit secondary antibody
(Invitrogen) for anti-FAKpY397, or Alexa-594 anti-rabbit secondary antibody (Invitrogen)
for anti-p130CaspY410. Immunohistochemical staining for FAKpY397 was performed
similarly except that PBS replaced 0.1 M Tris-HCl. Immunohistochemical signals were
developed using VIP (Vector Laboratories). The FAKpY397 and p130CaspY410 signals in
the media of injured vehicle- and Tamoxifen-treated N-cadherinfl/fl;iCre mice were
quantified using Image J. Total fluorescent signal intensity from the medial region was
normalized to the medial area.
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Apoptosis was examined by immunohistochemical staining for cleaved caspase-3 using
the SignalStain Cleaved Caspase-3 (Asp175) IHC Detection Kit (Cell Signaling
Technology, #8120)

2.9 Image analysis
2.9.1 Analysis of immunofluorescence and western blot images
Immunofluorescence and Western blot images were quantified using ImageJ. For
immunofluorescence, serial sections of injured N-cadherinfl/fl;iCre mouse femoral arteries
were immunostained with FAKpY397, p130CaspY410 or an isotype-matched control
antibody. The media of each immunostained tissue section was traced using the polygon
drawing tool in ImageJ, and the raw integrated density and area were measured. The raw
integrated density was normalized to the area to obtain the relative fluorescence from
each section. Background relative fluorescence was subtracted from the FAKpY397 and
p130CaspY410 signals. The net relative fluorescence intensity for FAKpY397 and
p130CaspY410 were averaged from at least 4 different mice and reported as mean +
standard error. Western blots were quantified similarly except that the polygon tool was
used to outline bands of interest, and the background signal was obtained from areas of
the blot adjacent to each band of interest. Signal intensities were averaged from at least 3
separate experiments and reported as mean + standard error.
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2.9.2 Analysis of confocal microscopy images
Confocal images were taken with the assistance of Dr. Andrea Stout at the Cell and
Developmental Biology Microscopy Core. Confocal images from fluorescently stained
SMCs cultured on unpaired and paired micropatterned adhesive islands of different areas
(2,500 µm2 and 10,000 µm2) were acquired using a Leica TCS SP8 laser scanning
confocal with a

20X, 0.75 NA air immersion objective. FAKpY397 and N-cadherin

fluorescence signal intensity for each unpaired cell or pair of cells was summed from
three consecutive sections using FIJI software. The total signal intensity for FAKpY397
was then normalized to the spread area of each cell or pair of cells. Total N-cadherin
signal intensity was measured from traced regions of cell-cell contact for paired cells.
(n=5-9).

2.10 RNA analysis
2.10.1 mRNA extraction
Total RNA was extracted with TRIzol (Invitrogen) according to manufacturer’s
instructions.

2.10.2 Quantitative real-time PCR (qRT-PCR)
Total RNA was reverse transcribed (RT) as described (Klein et al., 2007). RT product (5
ng) was analyzed by real-time qPCR. Taqman assays were used for N-cadherin
(Mm00483213_m1,
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Twist

(Mm04208233_g1*,

Applied

Biosystems) and 18S rRNA (Klein et al., 2007). mRNA expression for each gene was
determined by the standard curve or ddCt methods using 18S rRNA as reference.

2.11 Bioinformatics
Bioinformatics analysis was performed with the assistance of Dr. John Tobias as the
Molecular Profiling Core. Ingenuity Pathway Analysis Path Explorer tool was used to
identify experimentally observed, direct or indirect, signaling intermediates reported to be
downstream of BCAR (p130Cas) and upstream of CDH2 (N-cadherin). As p130Cas was
an intermediate in the FAK-Rac dependent induction of N-cadherin mRNA, we excluded
protein-protein interactions directly upstream of CDH2.

2.12 Statistical analysis
Error bars for in vivo and in vitro results were plotted as standard error (SE) and standard
deviation (SD), respectively. The number of experimental replicates for each experiment
was indicated in the figure legends. Significance of the in vitro and in vivo results was
determined using 2-tailed t-tests and 2-tailed Mann-Whitney tests, respectively. Outliers
in the in vivo datasets were identified using a ROUT test (Graphpad) and removed from
the analysis. p-values are shown for statistically significant differences.
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Chapter 3

MATRIX STIFFNESS REGULATES CROSSTALK BETWEEN
CELL-CELL AND CELL-MATRIX ADHESIONS

The data and figures in this chapter have been previously published in Cell Reports
(2015) Vol. 10, Mui K.L., Bae Y.H., Gao L., Liu S.L., Xu T., Radice G.L., Chen C.S.,
and Assoian R.K., N-cadherin Induction by ECM Stiffness and FAK Overrides the
Spreading Requirement for Proliferation of Vascular Smooth Muscle Cells, Pages 14771486.

3.1 N-cadherin is induced in response to in vivo vascular injury.
To study how tissue stiffness regulates cadherin expression, we first examined the
physiological importance of N-cadherin expression in the in vivo response to vascular
injury in the mouse. We focused on the in vivo injury response of arterial smooth muscle
cells (SMCs) because cell-cell adhesion in these cells is largely mediated by a single
cadherin (N-cadherin) (Resink et al., 2009). Consistent with work of Jones et al. (Jones,
2002), immunohistochemical analysis of femoral artery sections from wild-type mice
showed that N-cadherin was barely detectable in uninjured arteries, yet strongly induced
in the media and neointima following injury (Figure 3.1A), with 80% of the mice having
N-cadherin levels in injured arteries greater than that in contralateral uninjured arteries
(Figure 3.1B).
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Figure 3.1: N-cadherin is induced following vascular injury. (A) Uninjured
and injured femoral artery sections from wild-type mice (n=9) were
immunohistochemically stained for N-cadherin. The media (M) lies between the
dashed white lines, which mark the internal and external elastic laminae. The
neointima (NI) seen in injured arteries is the region between the internal elastic
lamina and lumen. Images on the right are magnifications of the inset black
boxes in the left-hand images. (B) N-cadherin expression in the injured and
uninjured femoral arteries of each mouse was scored by blinded grouping (inj,
injured; uninj, uninjured).
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As global deletion of N-cadherin leads to lethal cardiovascular defects during
embryogenesis (Radice et al., 1997), we conditionally deleted N-cadherin in SMCs of
adult mice. Conditional deletion of N-cadherin in N-cadherinfl/fl;iCre mice expressing a
Tamoxifen-inducible SMC-specific Cre reduced N-cadherin induction (Figure 3.2A) and
neointimal formation as compared to vehicle-treated mice following vascular injury
(Figure 3.2B). Thus, N-cadherin is important for vascular injury response.
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Figure 3.2: N-cadherin is essential for neointimal formation. (A)
Representative images from injured femoral artery sections of vehicle- (n=2) and
Tamoxifen-treated (n=3) N-cadherinfl/fl;iCre mice stained for N-cadherin. (B)
Representative images from uninjured (n=5-6) and injured (n=10-11) femoral
artery sections of vehicle- and Tamoxifen-treated N-cadherinfl/fl;iCre mice stained
for elastin.
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3.2 Matrix stiffness regulates N-cadherin expression in vitro.
Since vascular injury leads to increased tissue stiffening, we wanted to understand
whether N-cadherin induction was in response to changes in tissue stiffness. To directly
study the effect of matrix stiffness on the levels of N-cadherin, SMCs and mouse
embryonic fibroblasts (MEFs) were cultured on fibronectin (FN)-coated polyacrylamide
hydrogels with elastic moduli spanning the pathophysiologic range of uninjured (2 kPa)
and injured femoral arteries (24 kPa) . We found that N-cadherin expression was directly
proportional to hydrogel stiffness in both SMCs (Figure 3.3A) and MEFs (Figure 3.3B).
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Figure 3.3: Matrix stiffness regulates N-cadherin expression. Total cell
lysates from asynchronous (A) SMCs or (B) MEFs cultured on fibronectincoated polyacrylamide hydrogels for 24 h in 10% FBS were analyzed by western
blot for N-cadherin and GAPDH (loading control). Bar graphs show N-cadherin
levels normalized to GAPDH control and plot mean + SE; n=3. Elastic moduli of
hydrogels: 2, 11 and 24 kPa for SMCs; 2, 6, 11, 24 kPa for MEFs.
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3.3 N-cadherin is induced by mechanosensitive FAK-p130Cas-Rac signaling1.
ECM stiffening has several effects on cells including an increase in actindependent intracellular stiffness (Bae et al., 2014; Paszek et al., 2005; Samuel et al.,
2011; Solon et al., 2007). As determined by atomic force microscopy, intracellular
stiffness is regulated by both Rho-GTP and Rac-GTP (Figure 3.4). We inhibited Rhoand Rac-dependent stiffening, respectively, with the Rho kinase inhibitor, Y-27632
(Figure 3.5A), or the Rac inhibitor, NSC23766 (Figure 3.5B), to determine which one
played the major role in stiffness-dependent induction of N-cadherin. MEFs treated with
these inhibitors were cultured on stiff hydrogels (24 kPa). Surprisingly, inhibition of Rho
kinase did not affect N-cadherin expression (Figure 3.5A) when compared to the reduced
N-cadherin levels seen upon inhibition of Rac-GTP (Figure 3.5B).

Elastic modulus (Pa)

Stiff hydrogel (24 kPa)

-

Y-27632

-

NSC23766

Figure 3.4: Rho and Rac inhibition reduce intracellular stiffness. Serumstarved MEFs were suspended in 10% FBS, seeded on stiff fibronectin-coated
polyacrylamide hydrogels (24 kPa) and treated with 10 µM Rho kinase inhibitor
Y-27632 or 150 µM Rac inhibitor NSC23766 for 20 h. Elastic moduli of
individual cells were determined by atomic force microscopy. Results are plotted
as mean + SD; n=3

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1
In vitro experiments examining regulation of N-cadherin by the FAK-p130Cas-Rac
signaling pathway were done in collaboration with Yong Ho Bae.
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Figure 3.5: Stiffness-dependent N-cadherin expression is regulated by Rac,
but not by Rho. Serum-starved MEFs treated with (A) 10 µM Y-27632 or (B)
150 µM NSC2376 on stiff fibronectin-coated polyacrylamide hydrogels (24 kPa)
for 20-24 h in 10% FBS were analyzed by western blot. Bar graphs show Ncadherin levels normalized to GAPDH control and plot mean + SE; n=3-4.

Expression of Rac1 siRNA or dominant negative Rac (RacN17) in MEFs also
reduced the expression of N-cadherin protein on stiff hydrogels (Figure 3.6A).
Conversely, expression of a constitutively active Rac (RacV12) allowed for N-cadherin
expression in cells cultured on a soft hydrogels (2 kPa) (Figure 3.6B). A similar reduction
in N-cadherin expression was seen in SMCs (Figure 3.7A) and MEFs (Figure 3.7B,
RacN17 and β2-ch) when Rac activity was inhibited by ectopic expression of RacN17 or β2chimaerin (a Rac GAP) on a rigid substratum.
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Figure 3.6: Rac regulates N-cadherin expression in a stiffness-dependent
manner. (A) Serum-starved MEFs transfected with 200 nM non-specific (NS) or
Rac siRNA or infected with dominant negative RacN17 adenovirus were cultured
on stiff fibronectin-coated polyacrylamide hydrogels in 10% FBS for 9 h. Cells
were lysed and analyzed by western blot; n=3. (E) Serum-starved MEFs were
infected with adenoviral vectors expressing LacZ or RacV12, and cultured on soft
FN-coated PA hydrogels (2 kPa) with 10% FBS for 9 h and analyzed by western
blot; n=4. Bar graphs show N-cadherin levels normalized to GAPDH control and
plot mean + SE.
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Figure 3.7: Rac and FAK inhibition reduce N-cadherin expression. SMCs in
10% FBS were infected with adenoviral GFP, RacN17 or β2-chimaerin (β2-ch)
for 24 h. (B) MEFs in 10% FBS were infected with adenovirus expressing GFP,
RacN17, β2-ch, FRNK or FAKY397F (Y397F) for 24 h. Total cell lysates were
collected for western blot analysis. Bar graphs show N-cadherin levels normalized
to GAPDH control and plot mean + SE; n=3.
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We recently reported that FAK and p130Cas are upstream of stiffnesssensitive Rac activity (Bae et al., 2014). To determine if a FAK-p130Cas-Rac pathway
regulates stiffness-dependent N-cadherin expression, we first inhibited FAK activity by
ectopic expression of dominant negative constructs (FRNK or FAKY397F), or treatment
with a pharmacologic FAK inhibitor (PF573228). These two treatments reduced Ncadherin levels in cells on a rigid substratum (Figures 3.7B, 3.8A,B). The effect of
PF573228 was proportional to the inhibition of FAK activity as judged by
phosphorylation at Y397 (Figure 3.8B). Furthermore, depleting FAK with siRNA in cells
on rigid substratum (Figures 3.9A,B) and on hydrogels (Figure 3.9C) also reduced Ncadherin expression.
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Figure 3.8: FAK inhibition decreases N-cadherin expression. (A) SMCs in
10% FBS were infected with adenovirus expressing LacZ, FRNK or FAKY397F
(Y397F) for 24 h, lysed, and examined by western blot; n=3. (B) Serum-starved
MEFs were treated with different concentrations of small molecule FAK
inhibitor, PF573228, for 20 h in 10% FBS and analyzed by western blot; n=4.
Bar graphs show N-cadherin levels normalized to GAPDH control and plot mean
+ SE.
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Figure 3.9: siRNA-mediated FAK knockdown inhibits N-cadherin
expression. SMCs (A) and MEFs (B,C) were transfected with 200 nM of two
distinct FAK siRNAs or a nonspecific (NS) siRNA. The cells were then serumstarved for 48 h, incubated in 10% FBS for 20 h and analyzed by western blot.
(A,B) SMCs and MEFs were seeded on tissue culture plastic. (C) MEFs were
seeded on stiff (24 kPa) and soft (2 kPa) polyacrylamide hydrogels. Bar graphs
show N-cadherin levels normalized to GAPDH control and plot mean ± range;
n=2 (A) or mean + SE; n=3 (B,C).

FAK activity leads to the phosphorylation of paxillin (Burridge et al., 1992;
Turner, 2000) and p130Cas (Cary et al., 1998; Fonseca et al., 2004). Knockdown of
p130Cas, but not paxillin, with siRNA decreased N-cadherin levels in MEFs and SMCs
cultured on a rigid substratum (Figure 3.10A), and the p130Cas effect on N-cadherin was
confirmed in SMCs (Figure 3.10B). Moreover, we could link this effect of p130Cas to
FAK because inhibition of FAK with FRNK reduced the levels of both activated
p130CaspY410 and N-cadherin (Figure 3.10A, FRNK).
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Figure 3.10: FAK selectively activates p130Cas in N-cadherin induction. (A)
MEFs were transfected with 200 nM non-specific (NS), p130Cas or paxillin
siRNAs or infected with FRNK adenovirus, incubated with 10% FBS for 24 h
and examined by western blot; n=3. (B) Serum-starved SMCs were transfected
with 200 nM non-specific (NS) siRNA or p130Cas siRNA_1, incubated with
10% FBS, and analyzed by western blot; n=2. Bar graphs show N-cadherin levels
normalized to GAPDH control and plot mean + SE (A) or mean ± range (B).

Src has been implicated in the phosphorylation of FAK and p130Cas (Ruest et al.,
2001; Schlaepfer and Hunter, 1996). Even though Src expression and activity are not
strongly stiffness-sensitive (Bae et al., 2014), FAK phosphorylation on Src sites (Y576
and Y861) and N-cadherin expression were low in SYF-null cells (which are deficient in
Src family kinase proteins Src, Yes and Fyn) when cultured on stiff hydrogels and
restored by reconstitution of the cells with c-Src (Figure 3.11). Because Src is recruited to
FAK autophosphorylated at Y397 (Mitra and Schlaepfer, 2006; Schaller et al., 1994), our
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interpretation of these results is that the stiffness sensitivity of FAK autophosphorylation
renders Src-dependent FAK phosphorylation stiffness-sensitive despite constitutively
expressed Src. Collectively, these results indicate that the stiffness-sensitive FAK-Srcp130Cas-Rac signaling pathway regulates stiffness-dependent N-cadherin gene
expression. We also note that ECM stiffness, FAK and Rac similarly regulated Ncadherin expression in synchronous and asynchronous cells, indicating that the stiffness
dependent induction of N-cadherin is independent of cell cycle position.
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Figure 3.11: Stiffness-sensitive Src signaling regulates N-cadherin expression.
Serum-starved SYF-null MEFs cultured on stiff FN-coated polyacrylamide
hydrogels (24 kPa) were incubated with 10% FBS for 9 h, lysed, and examined by
western blot; n=3. Bar graph shows N-cadherin levels normalized to GAPDH
control and plot mean + SE.

Next, we used Ingenuity Pathway Analysis to identify other possible signaling
pathways downstream of p130Cas (here called by its gene name, BCAR1) and upstream
of N-cadherin (CDH2) gene expression (Figure 3.12). Among the candidate pathways,
this global approach identified TGF-β/Smad signaling and JNK as potential upstream
52
	
  

regulators of N-cadherin. However, in contrast to the strong inhibition of N-cadherin
gene expression observed upon Rac inhibition, N-cadherin gene expression was
minimally affected by treatment with TGF-β (Figure 3.13A) or by JNK inhibition with
SP600125 (Figure 3.13B) 2. Thus, stiffness-dependent activation of the FAK-p130CasRac pathway plays the major role in inducing N-cadherin in response to increased
substratum stiffness. RT-qPCR indicated that FAK and Rac inhibition reduced the levels
of N-cadherin mRNA (Figures 3.14A-B).

Figure 3.12: Bioinformatic analysis identifies other potential upstream
regulators of N-cadherin gene expression. The Ingenuity Pathway Analysis Path
Explorer tool was used to identify experimentally observed direct or indirect
signaling intermediates downstream of BCAR (p130Cas) and upstream of CDH2
(N-cadherin
mRNA).
Symbol
codes
can
be
found
at
http://ingenuity.force.com/ipa/IPATutorials#.

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2
Experiments examining regulation of N-cadherin mRNA expression were done in
collaboration with Lin Gao from Christopher Chen’s laboratory.
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Figure 3.13: TGF-β and JNK does not affect N-cadherin gene expression.
MEFs in 10% FBS were treated with 10 ng/ml TGF-β3 (A) or 20 µM JNK
inhibitor II SP600125 (B) for 24 h and analyzed by RT-qPCR. Bar graphs show
N-cadherin levels normalized to control and plot mean + SE; n=3.
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Figure 3.14: FAK and Rac regulate N-cadherin mRNA expression. (A) MEFs in
10% FBS were treated with 20 µM PF573228 for 20 h or infected with FAKY397F
adenovirus for 24 h. Relative expression of N-cadherin mRNA was examined by RTqPCR. (B) SMCs in 10% FBS were infected with adenoviral GFP, FRNK, Y397F,
RacN17 or β2-chimaerin for 24 h. Total RNA was isolated, and N-cadherin mRNA
expression was determined by RT-qPCR. Bar graphs show N-cadherin levels
normalized to control and plot mean + SE; n=3.

	
  

3.4 Twist1 regulates N-cadherin gene expression.
Twist is a well known transcription factor that promotes N-cadherin gene
expression (Oda et al., 1998; Yang et al., 2004), and its own expression is regulated by
mechanical stimulation (Desprat et al., 2008). In prostate cancer cells, integrin ligation to
fibronectin induced nuclear translocation of Twist1 and stimulated transcription of Ncadherin (Alexander et al., 2006). Thus, we investigated whether Twist1 might play a
role in FAK- and Rac-regulated induction of N-cadherin. Inhibition of FAK or Rac
suppressed the expression of Twist1 mRNA (Figure 3.15). Moreover, siRNA-mediated
knockdown of Twist1 mRNA decreased N-cadherin gene expression in both MEFs
(Figure 3.16A) and SMCs (Figure 3.16B), and reduced Twist1 mRNA levels confirmed
efficient knockdown by Twist1 siRNAs. Thus, a FAK-Rac-Twist pathway likely
contributes to the regulation of N-cadherin.
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Figure 3.15: FAK and Rac inhibition suppress Twist1 mRNA expression.
SMCs in 10% FBS were infected with adenoviral GFP, FRNK, Y397F, RacN17
or β2-chimaerin for 24 h. Total RNA was isolated, and Twist mRNA expression
was determined by RT-qPCR. Bar graphs show Twist1 levels normalized to
control and plot mean + SE; n=3.
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Figure 3.16 Twist1 regulates N-cadherin gene expression. MEFs (A) and
SMCs (B) in 10% FBS were transfected with non-specific (NS) siRNA or Twist
siRNA for 24 h and analyzed by RT-qPCR. Bar graphs show N-cadherin or
Twist1 levels normalized to control and plot mean + SE; n=3 (A) or mean ±
range; n=2 (B).
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3.5 Adhesive crosstalk is unidirectional from FAK to N-cadherin.
Since FAK inhibition reduces N-cadherin gene expression (Figures3.7B, 3.8, 3.9),
we next determined the effect of N-cadherin deletion on FAK. Cre-mediated excision of
floxed N-cadherin alleles in N-cadherinfl/fl MEFs (Figure 3.17A) and SMCs (Figure
3.17B) yielded no changes in either FAK autophosphorylation at Y397 or overall levels
of FAK. Thus, a unidirectional crosstalk from FAK to N-cadherin connects cellsubstratum adhesion to cell-cell adhesion.

Figure 3.17: Conditional deletion of N-cadherin does not change FAK
phosphorylation or overall levels of FAK. Asynchronous N-cadherinfl/fl MEFs
(A) and SMCs (B) infected with 1000 MOI of Ad-GFP or Ad-Cre were
incubated with 10% FBS for 24 h and examined by western blot. Bar graphs
show N-cadherin normalized to GAPDH and plot as mean + SE; n=3. Bar graphs
show N-cadherin, FAKpY397 and FAK levels from Ad-Cre infected cells
normalized to Ad-GFP control and plot mean + SE; n=3.
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As our experiments indicate that ECM stiffening leads to the induction of Ncadherin through a FAK-p130Cas-Rac pathway, we next used vascular injury to
understand the in vivo implications of this mechanism. Since N-cadherin induction is
FAK-dependent, we examined FAK activation following vascular injury. Initial
experiments showed that FAK phosphorylation at Y397 was increased after vascular
injury in wild-type mice (Figure 3.18).
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Figure 3.18: Induction of FAKpY397 following vascular injury. (A)
Representative images of FAKpY397 expression in uninjured (n=5) and injured (n=8)
femoral artery sections from wild-type mice were obtained by
immunohistochemical staining. (B) FAKpY397 expression (injured relative to
contralateral uninjured femoral arteries for each mouse) was scored by blinded
grouping.
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We therefore determined the effect of SMC-specific FAK deletion during the
response to vascular injury by treating FAKfl/fl;iCre mice with vehicle or Tamoxifen
(Figure 3.19A). SMC-specific deletion of FAK with Tamoxifen strongly reduced
neointimal formation (Figure 3.19B). N-cadherin upregulation after injury was apparent
in vehicle-treated FAKfl/fl;iCre mice (Figure 3.20A), but blunted when the mice were
given Tamoxifen (Figure 3.20B). Blinded quantification of these data indicated that Ncadherin signal intensity after injury greatly exceeded that in the uninjured contralateral
controls in 60% of vehicle-treated mice, but only in 12.5% of Tamoxifen-treated mice
(Figure 3.20C).
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Figure 3.19: FAK deletion inhibits response to vascular injury. (A) Aortas were
isolated from FAKfl/fl;iCre mice 4 weeks after being treated with vehicle or
Tamoxifen (Tamox.). The isolated aortas were cleaned, cut into pieces,
homogenized in SDS sample buffer using a pellet pestle motor, boiled, fractionated
on SDS gels, and analyzed by western blot. Bar graph shows FAK levels
normalized to control and plot mean + SE; n=3. (B) Representative images of
uninjured femoral arteries (vehicle; n=5 or Tamoxifen; n=5) and injured femoral
arteries (vehicle; n=7 or Tamoxifen; n=8) from FAKfl/fl; iCre mice stained for
elastin.
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Figure 3.20: N-cadherin expression in FAKfl/fl;iCre mice. (A) Representative
images of FAKpY397 expression in uninjured (n=5) and injured (n=8) femoral
artery sections from wild-type mice were obtained by immunohistochemical
staining. (B) FAKpY397 expression (injured relative to contralateral uninjured
femoral arteries for each mouse) was scored by blinded grouping. (C) Blinded
grouping of vehicle (n=5) and Tamoxifen (n=8) data in A and B. Statistical
significance was determined by chi-square test; p<000.1.
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In striking contrast, deletion of N-cadherin reduced SMC proliferation after injury
without inhibiting the phosphorylation of FAK at Y397 (Figure 3.21) or p130Cas at Y410
(Figure 3.22) as estimated by immunofluorescent staining of tissue sections. This in vivo
epistatic relationship is remarkably consistent with our in vitro epistasis data and
indicates that unidirectional crosstalk from FAK to N-cadherin forms the basis in vivo
interplay between cell-ECM and cell-cell adhesions.
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Figure 3.21: FAKpY397 expression in N-cadherinfl/fl;iCre injuries. (A) Injured
femoral arteries from vehicle- and Tamoxifen-treated N-cadherinfl/fl;iCre mice
were stained for FAKpY397. Corresponding sections stained with isotype-matched
control antibody are shown in the bottom panels. The media (M), lies between the
dashed white lines, which mark the internal and external elastic laminae. The
neointima (NI) is the region between internal elastic lamina and lumen. (B)
Quantification of results from panel A; vehicle n=4, Tamoxifen n=5.
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Figure 3.22: p130CaspY410 expression in N-cadherinfl/fl;iCre injuries. (A)
Injured femoral arteries from vehicle- and Tamoxifen-treated N-cadherinfl/fl;iCre
mice were stained for p130CaspY410. Corresponding sections stained with isotypematched control antibody are shown in the bottom panels. The media (M), lies
between the dashed white lines, which mark the internal and external elastic
laminae. The neointima (NI) is the region between internal elastic lamina and
lumen. (B) Quantification of results from panel A; vehicle n=5, Tamoxifen n=5.
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3.6 Conclusions
Using complementary in vivo and in vitro approaches, we demonstrate that
vascular injury-induced tissue stiffening and increased matrix rigidity promote expression
of N-cadherin. Furthermore, we find that the mechanosensitive FAK-p130Cas-Rac
signaling pathway is responsible for stiffness-mediated induction of N-cadherin. Finally,
in vitro and in vivo epistasis studies demonstrate that unidirectional crosstalk from FAK
to N-cadherin forms the mechanistic basis of interplay between cell-matrix and cell-cell
adhesions.
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Chapter 4

N-CADHERIN OVERRIDES THE SPREADING REQUIREMENT FOR
VASCULAR SMOOTH MUSCLE CELL PROLIFERATION

The data and figures in this chapter have been previously published in Cell Reports
(2015) Vol. 10, Mui K.L., Bae Y.H., Gao L., Liu S.L., Xu T., Radice G.L., Chen C.S.,
and Assoian R.K., N-cadherin Induction by ECM Stiffness and FAK Overrides the
Spreading Requirement for Proliferation of Vascular Smooth Muscle Cells, Pages 14771486.

4.1 N-cadherin is an essential effector in FAK-mediated in vivo SMC proliferation.
SMC proliferation plays a critical role in cardiovascular disease (Jones, 2002;
Owens et al., 2004; Sabatini et al., 2008). Since we observed that strong induction of Ncadherin expression following vascular injury in wild-type mice (Figure 3.1), we wanted
to understand N-cadherin’s role in SMC proliferation. Vascular injury-induced Ncadherin expression can be linked to in vivo cell proliferation because cell proliferation
was also reduced following injury in Tamoxifen-treated N-cadherinfl/fl;iCre mice (Figure
4.1). Proliferating cells were not detected in femoral arteries from uninjured mice (Figure
4.2A). Additionally, there was no difference in cleaved caspase-3 staining between
Tamoxifen- and vehicle-treated N-cadherinfl/fl;iCre mice whether uninjured or injured
(Figure 4.2B), indicating that apoptosis was not affected by the deletion of SMC Ncadherin.
	
  

64

A
Vehicle

N-cadherinfl/fl;iCre mice

NI

10 µm

BrdU

M

50 µm

Tamoxifen

B

N-cadherinfl/fl;iCre mice

Vehicle Tamox. Vehicle Tamox.

M

Neointima

Media

10 µm

50 µm

Figure 4.1: BrdU incorporation in injured N-cadherinfl/fl;iCre femoral
arteries. (A) In vivo SMC proliferation was examined by BrdU labeling in
injured femoral arteries from vehicle- (n=8) and Tamoxifen-treated (n=7) Ncadherinfl/fl;iCre mice. (B) Results in A were quantified by manual counting and
plotted as mean + SD.
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Figure 4.2: Immunohistochemical staining for BrdU and cleaved caspase-3
in N-cadherinfl/fl;iCre femoral arteries. (A) Representative images showing the
absence of S phase-labeled nuclei in uninjured arteries of N-cadherinfl/fl;iCre
mice (n=5). (B) Femoral artery sections from uninjured and injured, vehicle(n=3) and Tamoxifen-treated (n=3) N-cadherinfl/fl;iCre mice were stained for
cleaved caspase-3.
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Tamoxifen did not affect the number of S phase nuclei after vascular injury in wild-type
mice, which lack Cre (Figure 4.3). Thus the inhibition of proliferation seen upon
Tamoxifen treatment of N-cadherinfl/fl;iCre mice reflects the fact that N-cadherin is
essential for SMC proliferation during the in vivo response to injury rather than an offtarget effect.
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Figure 4.3: S phase cells in injured wild-type
artery injuries were performed on wild-type mice
vehicle (n=4) or Tamoxifen (n=4). The number
neointimal and medial layers was determined by
manual counting, and plotted as mean + SD.
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Since N-cadherin induction is FAK-dependent, deletion of FAK should also
inhibit in vivo SMC proliferation. Initial experiments showed that FAK phosphorylation
at Y397 was increased after vascular injury in wild-type mice (Figure 3.17). We therefore
determined the effect of SMC-specific FAK deletion during the response to vascular
injury by treating FAKfl/fl;iCre mice with vehicle or Tamoxifen. S phase nuclei were not
	
  

66

detected in uninjured vehicle- or Tamoxifen-treated FAKfl/fl;iCre mice (Figure 4.4A).
However, SMC-specific deletion of FAK with Tamoxifen strongly reduced the response
to injury as determined by decreased cell proliferation (Figure 4.5B, C) and neointimal
formation (Figure 3.18B). Importantly, the reduction in S phase nuclei was similar to that
seen after SMC-specific deletion of N-cadherin (refer to Figure 4.1). Thus, both Ncadherin and FAK are necessary for SMC proliferation. We had also demonstrated that
FAKpY397 expression persists in the absence of N-cadherin following vascular injury
(Figure 3.20). Taken together, these results demonstrate that N-cadherin is an essential
effector in FAK-dependent SMC proliferation.
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Figure 4.4: BrdU incorporation in FAKfl/fl;iCre femoral arteries. (A)
Representative images showing the absence of S phase-labeled nuclei in
uninjured arteries of FAKfl/fl;iCre mice (n=5). (B) Injured femoral arteries from
vehicle- (n=7) and Tamoxifen-treated (n=8) FAKfl/fl;iCre mice were stained for
incorporated BrdU. Images on the right are magnifications of the inset black
boxes in the left images. (C) The number of S phase nuclei in the neointima (NI)
and media (M) of vehicle- (n=7) and Tamoxifen-treated (n=8) mice was
determined by manual counting, and plotted as mean + SD.
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4.2 N-cadherin stimulates S-phase entry of SMCs in vitro.
Our data suggest a model in which ECM stiffening at sites of vascular injury leads
to the induction of N-cadherin, and the induced N-cadherin then stimulates SMC
proliferation in vivo. We tried to model this effect in vitro by performing proliferation
assays in N-cadherinfl/fl SMCs cultured on plastic and hydrogels and infected with
adenoviral vectors expressing GFP or Cre recombinase (Ad-GFP, Ad-Cre) (Figure 4.5).
There was an expected difference in S phase entry between cells on stiff and soft
hydrogels. However, we were unable to detect a difference in S phase between GPF- and
Cre-infected N-cadherinfl/fl SMCs in these bulk culture conditions, likely because the
random distribution and migration of cells led to inconsistent cell-cell contacts and Ncadherin signaling.
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Figure 4.5: S-phase entry in bulk culture N-cadherinfl/fl SMCs. Serum-starved
N-cadherinfl/fl SMCs infected with adenoviral GFP or Cre were cultured on glass,
stiff (24 kPa) or soft (2 kPa) hydrogels, stimulated with 10% FBS for 24, 36 or
48 h, and analyzed for S phase entry by EdU incorporation.
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We therefore fabricated unpaired and paired adhesive micropatterned islands on a
glass substrate, which allowed us to systematically control cell-cell contact while
preserving the stiff surface permissive for FAK activation and N-cadherin expression
(Figure 4.6).
SMCs on micropatterned islands
paired

DAPI

unpaired

50 µm

Merge

EdU

50 µm

Figure 4.6: S-phase SMCs on adhesive micropatterned islands.
Representative images of EdU-positive SMCs on 10,000 µm2 unpaired or paired
micropatterned adhesive islands. Cells were immunofluorescently co-stained for
DAPI and EdU.
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We then compared S phase entry of primary N-cadherinfl/fl SMCs that were
infected with Ad-GFP or Ad-Cre and seeded on FN-coated micropatterned islands with
an area of 4,900 µm2 per cell. In cells expressing Ad-GFP, physical contact between
paired cells increased S phase entry as compared to unpaired cells (Figure 4.7). This
effect was greatly reduced in cells infected with Ad-Cre, demonstrating that the
stimulatory effect of cell-cell adhesion in this system is largely mediated by N-cadherin.

N-cadherinfl/fl SMCs

Cells in S phase (%)

70

p = 0.002
p = 0.001

p < 0.001

60

unpaired
paired

50
40
30
20
10
0

GFP
AdGFP

Cre
AdCre

Figure 4.7: N-cadherin stimulates S-phase entry in SMCs. Serum-starved Ncadherinfl/fl SMCs infected with adenoviral GFP or Cre were cultured on unpaired
or paired micropatterned adhesive islands (4,900 µm2), stimulated with 10% FBS
for 48 h, and analyzed for S phase entry by EdU incorporation. S phase results
are plotted as mean + SE; n=3.
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4.3 N-cadherin attenuates the spreading requirement for cell cycling.
ECM stiffening promotes cell spreading (Pelham and Wang, 1997), and cell
spreading on ECM, in turn, drives proliferation (Chen et al., 1997). Therefore, we next
addressed how the degree of cell spreading might regulate N-cadherin-mediated
proliferation. We attempted to measure SMC spreading in situ, but the complex geometry
of the arterial wall confounded our attempts to determine spread cell areas. While cell
spreading can be manipulated by culturing cells on ECM-coated hydrogels of varying
stiffness, the stiffness-dependent induction of N-cadherin precluded use of hydrogels to
study the effect of endogenous N-cadherin on cell cycling. We therefore fabricated
unpaired and paired micropatterned adhesive islands of distinct areas (both smaller, 2,500
µm2, and larger, 10,000 µm2, than those used in Figure 4.7) to examine the functional
relationship between N-cadherin, cell spreading, and cell proliferation.
FAK activation and N-cadherin-containing adherens junctions were readily
detected in adhesive micropatterned islands of both sizes (Figure 4.8). Curiously, FAK
activity (as judged by the intensity of FAKpY397) was somewhat greater in SMCs on
smaller micropatterned islands. The N-cadherin signal at adherens junctions was also
much stronger in the smaller micropatterned islands. This is perhaps due to differences in
the distribution and concentration of forces caused by varying spread area (See
discussion).
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Figure 4.8: FAKpY397 and N-cadherin immunofluorescence on fibronectincoated micropatterned islands. SMCs were cultured on unpaired and paired
micropatterned adhesive islands (2,500 and 10,000 µm2) with 10% FBS for 24 h.
Cells were then fixed, immunofluorescently stained for FAKpY397 (green), Ncadherin (red) and DAPI (blue), and imaged by confocal microscopy. The images
show a sum of signals from 3 consecutive confocal sections per condition. Signal
intensity is plotted as mean + SE from at least 5 different cells. p-values were
determined by 2-tailed t-test. The vertical white line in the top left panel indicates
removal of extraneous space between the cells.

	
  

72

To examine the functional relationship between N-cadherin, cell spreading, and
cell proliferation, serum-starved SMCs in small and large micropatterned islands were
incubated with 10% FBS, and S phase entry was monitored by EdU incorporation (Figure
4.9). We found that S phase entry was directly related to the degree of cell spreading in
unpaired cells, and FAK was required for this effect (Figure 4.10), consistent with earlier
work (Bae et al., 2014; Chen et al., 1997; Klein et al., 2009). However, when cells were
cultured in the paired islands, where N-cadherin mediated cell-cell adhesion is
functionally significant (refer to Figure 4.7), cell cycling became much less dependent on
cell spreading (Figure 4.9, paired). Thus, this micropatterning system successfully
modeled the pro-proliferative effect of N-cadherin on SMCs that we observed after
vascular injury (Figure 3.1) and may reflect the physiologic constraints on the spreading
of SMCs in situ following vascular injury (See discussion). Moreover, the results suggest
that the increased presence of N-cadherin after vascular injury may contribute to SMC
proliferation by relaxing the spreading requirement for cycling of SMCs within the
arterial wall.
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Figure 4.9: Cell pairing overrides the spreading requirement for SMC
proliferation. SMCs were cultured on different sized micropatterned adhesive
islands (2,500 and 10,000 µm2) with 10% FBS for 48 h and analyzed for S phase
entry by EdU incorporation. S phase results are plotted as mean + SE; n=3.
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Figure 4.10: siRNA knockdown of FAK reduces S phase entry in SMCs on
micropatterned islands. Serum-starved SMCs were transfected with 200 nM
non-specific (NS) siRNA or FAK siRNA_2. The cells were seeded on (A) 2,500
µm2 and 10,000 µm2 unpaired micropatterned adhesive islands with 10% FBS for
48 h and analyzed for S phase entry. Results in C and D are plotted as mean +
SE; n=3.
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4.4 N-cadherin is necessary but not sufficient for SMC proliferation.
Consistent with the reduced expression of N-cadherin, inhibition of endogenous
FAK activity with FRNK or FAKY397F also reduced the number of S phase cells in the
small, paired micropatterned islands (2,500 µm2) where the stimulatory effect of Ncadherin on cell cycling is most evident (Figure 4.11). Similarly, siRNA-mediated
knockdown of FAK reduced S phase entry in cells on these small, paired micropatterned
islands although the effect was less evident than that seen with FRNK or FAKY397F
(Figure 4.12). FRNK or FAKY397F also inhibited S phase entry on the small islands when
N-cadherin was ectopically expressed (Figure 4.11; FRNK + N-cad, Y397F + N-cad).
Our interpretation of these results is that N-cadherin is necessary, but not sufficient, for
FAK-mediated proliferation when cell spreading is constrained. In fact, this interpretation
is consistent with our recent work showing that FAK stimulates cyclins D1 and A2
expression (Bae et al., 2014). Thus, it is probable that N-cadherin-independent targets of
FAK are also essential for cell proliferation.
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Figure 4.11: N-cadherin is necessary, but not sufficient for SMC
proliferation. (Serum-starved SMCs were infected with adenoviral GFP, FRNK
or FAKY397F (Y397F) without or with adenoviral N-cadherin, seeded on
micropatterned adhesive islands (2,500 µm2) with 10% FBS for 48 h, and
analyzed for S phase entry. S phase results are plotted as mean + SE; n=3.
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Figure 4.12: siRNA knockdown of FAK reduces S phase entry in paired
SMCs. Serum-starved SMCs were transfected with 200 nM non-specific (NS)
siRNA or FAK siRNA_2. The cells were seeded on 2,500 µm2 paired
micropatterned adhesive islands with 10% FBS for 48 h and analyzed for S phase
entry. Results in C and D are plotted as mean + SE; n=3.
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4.5 Conclusions
Our studies reveal a new role for N-cadherin in cell cycle control within the vasculature.
We establish the pro-proliferative effect of N-cadherin in vascular SMCs, and demonstrate that
N-cadherin is an essential effector in FAK-regulated SMC cycling in vivo. Furthermore, our
micropatterning studies show that N-cadherin overcomes the spreading requirement for
proliferation when cell shape is constrained. Crosstalk between cell-matrix and cell-cell adhesions
is essential and provides important contextual cues that modulate the proliferative role of Ncadherin.
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Chapter 5

FUTURE DIRECTIONS

5.1 Determine whether N-cadherin-mediated proliferation is dependent on force
transduction by α-catenin.
Cells must be sufficiently spread on matrix to meet a tension requirement for
proliferation. However, force transduction through cell-cell adhesions can also generate
intracellular tension and therefore contribute, at least in part, to the tension requirement
for proliferation. Thus, under constrained cell spreading when there is insufficient force
generation from cell-matrix adhesions, I hypothesize that force transduction through Ncadherin-mediated contacts may fulfill the tension requirement for proliferation.
Within the cadherin-catenin complex, α-catenin has been identified as a tension
transducer. α-catenin links the cadherin-catenin complex to the actin cytoskeleton and has
binding sites for other actin-binding proteins such as vinculin and α-actinin. Under high
actin-myosin contractility, α-catenin unfolds to reveal a cryptic vinculin binding site
which leads to subsequent recruitment of vinculin and F-actin at AJs (Yonemura et al.,
2010). Our finding that N-cadherin is required for proliferation when spreading is
constrained suggests that force transduction at N-cadherin-based intercellular junctions
may be mediated through α-catenin to allow for proliferation.
We have obtained mutant α-catenin constructs, which lack the F-actin binding
domain or the vinculin inhibitory domain (Figure 5.1). Using these mutant α-catenin
constructs, we can determine whether α-catenin-mediated force transduction is necessary
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or sufficient for N-cadherin-mediated proliferation under constrained spreading. We can
also employ these mutants to examine potential changes in actin cytoskeletal dynamics
and local stiffness at cell-cell junctions in order to understand how α-catenin regulates
force transduction in paired cells with different spread areas.

Figure 5.1: Schematic drawing of α-catenin and its mutants. Full-length αcatenin contains binding sites for β–catenin and F-actin, as well as a cryptic
binding site for vinculin, which is blocked by the inhibitory domain. α-catenin
truncation mutant containing amino acid residues 1-848 lacks the F-actin binding
domain and cannot bear force translated through actin-myosin contractility. The
truncation mutant containing residues 1-402 lacks the inhibitory domain such that
the vinculin-binding domain is exposed and can recruit vinculin even under low
tension. Adapted and reprinted from Nature Cell Biology, Vol. 12, Yonemura S.
Wada Y., Watanabe T., Nagafuchi A., Shibata M., α-catenin as a tension
transducer that induces adherens junction development, Pages 533- 542,
Copyright 2010, with permission from Nature Publishing Group.
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5.2 Investigate the relative contributions of cell-cell and cell-matrix adhesions in the
localization of mechanosensitive transcriptional regulators Yap and MRTF-A.
Mechanosensitive transcriptional regulators, MRTF-A and Yap/Taz, have
recently emerged as key mediators in mechanical signaling. MRTF-A binds and
sequesters actin monomers in the cytoplasm. However, in response to increased actinmyosin contractility and polymerization of actin filaments, MRTF-A is released from
actin monomers and translocates into the nucleus where it can complex with the serum
response factor (SRF) to regulate transcription (Miralles et al., 2003). Cadherin-mediated
actin cytoskeleton organization may be important in the localization of MRTF-A.
Similarly, localization of the Yap/Taz transcriptional regulators is modulated by
adhesion and changes in cytoskeletal organization. Cadherin engagement activates the
Hippo pathway leading to a kinase cascade that ultimately phosphorylates Yap at S127,
thereby sequestering Yap in the cytoplasm (Robinson and Moberg, 2011; Silvis et al.,
2011). A wave of recent publications has also characterized the role of YAP/TAZ
signaling in mechanotransduction (Aragona et al., 2013; Dupont et al., 2011; Low et al.,
2014; Musah et al., 2014; Pelissier et al., 2014). Increased substrate stiffness and cell
spreading promotes translocation of Yap/Taz into the nucleus where it can interact with
TEAD transcription factors to stimulate subsequent transcription of genes, which allow
cells to adapt to mechanical changes in the environment (Tang et al., 2013). Dupont et al.
also demonstrated that decreasing substrate rigidity or constraining cell shape of isolated
cells restricts Yap in the cytoplasm, which occurs in absence of cadherin-mediated Hippo
signaling. However, cadherin-mediated Hippo signaling and integrin-regulated
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cytoskeletal changes may not be mutually exclusive. There is potential overlap in these
two regulatory modes as integrins and cadherins relay mechanical signals to each other.
As localization of MRTF-A and Yap is governed by actin dynamics and adhesive
signaling, it is interesting to posit that mechanical crosstalk between cadherins and
integrins may culminate in the transcriptional regulation of cell cycle genes by MRTF-A
and Yap. Using micropatterning as a platform to control cell spreading and intercellular
contact, we can investigate the relative contributions of cell-matrix contact and cell-cell
contact in regulating Yap and MRTF-A localization, and further understand the
proliferative role of these mechanosensitive transcriptional regulators under different
adhesive conditions.
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5.3 Examine the specificity of N-cadherin in SMC proliferation.
During embryogenesis, tissue patterning requires that certain populations of
mesenchymal cells switch from expressing N-cadherin to E-cadherin. Conversely, during
carcinogenesis, cells undergo a switch from E-cadherin to N-cadherin in an epithelial-tomesenchymal transition (EMT), which enhances the metastatic potential of tumor cells.
Switches in cadherin expression are important for cell sorting and conferring interaction
specificity with neighboring cells. While E- and N-cadherin both belong in the family of
type I classical cadherins and associate with the same catenins through their cytoplasmic
domains, they can recruit different isoforms of p120catenin in pancreatic tumor cells,
which may confer differential invasive capabilities (Seidel et al., 2004). Whether E- and
N-cadherin may differentially regulate proliferation under controlled spreading and
intercellular contact has not been explored.
To understand whether N-cadherin specifically regulates SMC cycling under
constrained spreading, we can conditionally delete N-cadherin and re-express E-cadherin
and examine proliferative outcomes in SMCs on micropatterned islands. Furthermore,
using chimeras of E-cadherin and N-cadherin, we can map the distinct domains of Ncadherin that may be critical for stimulating proliferation. In cultured endothelial cells,
VE-cadherin can stimulate or inhibit proliferation by altering cytoskeletal dynamics and
intracellular tension (Nelson and Chen, 2003). Whether E- and N-cadherin can regulate
proliferation in a similar fashion by modulating intracellular tension, or whether there are
inherent structural differences that affect their proliferative roles requires further study.
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Chapter 6

DISCUSSION

6.1 Mechanosensitive crosstalk between cell-cell and cell-matrix adhesions
Mechanotransduction has emerged as an important mode of communication
connecting distinct molecular components that serve seemingly disparate functions
within the cell. In particular, dialogue between cadherin- and integrin-dependent adhesion
systems involves an intimate exchange of biochemical and mechanical signals. Cell-cell
and cell-matrix adhesion systems form a cooperative and cohesive signaling network and
it is important to consider how mechanical engagement of one might influence the other.
In endothelial cells, Tzima et al. identified a mechanosensory complex formed by
PECAM, VE-cadherin and VEGFR2 that responds to shear stress upstream of integrin
signaling (Tzima et al., 2005). Our studies present a novel mechanism of crosstalk
between N-cadherin at cell-cell junctions and FAK at focal adhesions, and identify matrix
stiffness as a mechanistic basis for this crosstalk.
Mechanical input from both cell-matrix and cell-cell adhesions can build
sufficient tension to allow cell cycle progression. Force generation at cadherin-dependent
adhesions can contribute to the tensional requirement for proliferation when there is
insufficient force from cell-matrix adhesions. The proportion of cell-cell and cell-matrix
adhesions during follicle cell development in Drosophila is an important determinant of
cell shape and function (Montell, 2008). Likewise, tuning the ratio of cell-cell to cell-
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matrix adhesions to achieve a critical threshold of force within cells may serve as an
underlying mechanism for S phase entry in SMCs (Figure 6.1).
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Figure 6.1: The degree and combination of cell-matrix and cell-cell
adhesions determine cell cycle phase. The relative degree of cell-ECM and cellcell adhesions are indicated by – , + and ++. S phase is indicated if more than
25% of cells have incorporated EdU.

6.2 FAK dependence in cell proliferation
FAK is necessary for N-cadherin expression and SMC proliferation. However,
FAK is dispensable for proliferation in keratinocytes (Schober et al., 2007), and
expression of FRNK in endothelial cells (Pirone et al., 2006) can enhance proliferation.
Here, we have found that FAK stimulates SMC proliferation. Collectively, these results
suggest that there are cell type-specific subtleties in the links between FAK signaling and
proliferative pathways. One of these subtleties may be the particular Rho GTPase linked
to FAK: the proliferative effects of FAK in endothelial cells were mediated primarily
through RhoA while our studies show a more important role for Rac in SMCs. Others
have shown that the FAK homolog, Pyk2, can compensate for the loss of FAK in some
settings (Weis et al., 2008). Although we consistently observed reduced S phase upon
84
	
  

inhibition or deletion of FAK in cultured SMCs on micropatterned adhesive islands,
compensation by Pyk2 may play a limited role in our system because the reduction in S
phase was somewhat greater with FRNK or FAKY397F than with FAK siRNA. This
potential compensation by Pyk2 is likely to be more pronounced in vitro, as in vivo
deletion of FAK in SMCs led to a marked reduction in SMC proliferation. Additionally,
the pronounced inhibitory effect of ectopically expressed FRNK on N-cadherin
expression and S phase entry suggests that the endogenous FRNK, which is selectively
expressed in SMCs after injury (Taylor et al., 2001), likely increases the threshold of
FAK activation needed for N-cadherin expression and SMC proliferation in vivo.

6.3 Rac versus Rho signaling in the stiffness-regulated N-cadherin expression
Rho-stimulated contractility of the actomyosin network is critical in the cellular
response to substrate stiffness. It is therefore surprising that Rho does not play a more
prominent role in stiffness-induced expression of N-cadherin. Coordinated signaling
among different Rho family GTPases regulate cell-cell adhesions across different cell
types (Braga et al., 2000; Fukata and Kaibuchi, 2001; Matsuda et al., 2006; Takaishi et
al., 1997; Watanabe et al., 2009; Wildenberg et al., 2006). In mesenchymal stem cells, Ncadherin mediated cell-cell adhesion and expression are modulated by Rac signaling
(Gao et al., 2010; Woods et al., 2007). We also found that Rac, rather than Rho, plays the
major role in regulating stiffness-induced N-cadherin expression.
While Rac and Rho are both important regulators of cadherin dynamics, their
relationship with cadherins is temporally complex - Rac and Rho come into play at
different stages during adherens junction development (Figure 6.2). Rac-driven formation
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of lamellipodial extensions are critical for initiating and establishing cadherin-mediated
adhesions (Adams, 1998; Ehrlich et al., 2002). Rho may therefore play a more significant
role in remodeling cadherin-based junctions after Rac signaling has established them.
This provides a potential explanation for why Rac is more important for stiffnessregulated expression of N-cadherin in our experiments.

Formation of an N-cadherin-based cell-cell junction

T

I

M

E

N-cadherin presented on Rac-driven lamellipodial extensions

Rho-mediated remodeling of N-cadherin-based junction

Figure 6.2: Temporal regulation of N-cadherin-dependent cell-cell adhesions
by Rac and Rho. N-cadherin molecules (red bars) are presented on Rac-driven
lamellipodial extensions between two adjacent cells. Engagement of N-cadherin
between opposing lamellipodia establishes a nascent cell-cell junction.
Subsequent recruitment of F-actin (blue lines) to N-cadherin-based junctions and
Rho-stimulated contractility enhance intercellular tension (gray arrows).
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Moreover, as we recently demonstrated that Rac is a critical effector of FAK and
p130Cas in the proliferation of mesenchymal cells (Bae et al., 2014), it is fitting that Rac
regulates N-cadherin expression in SMCs. Rac may also be a point of convergence
between cadherin and integrin signaling in proliferative control. E-cadherin-mediated
intercellular contact in mammary epithelial cells triggers proliferation through Racdependent induction of cyclin D1 mRNA (Fournier et al., 2008). Integrin mediated cell
adhesion to stiff matrices increases expression of cyclin D1 by recruitment of CrkII and
DOCK180 to activate Rac1 at FAs (Bae et al., 2014). Thus, Rac activation at FAs and
AJs may synergistically induce cyclin D1 to stimulate proliferation.

6.4 Cell shape and spreading within tissue
The majority of in vitro studies examining the proliferative role of cadherins are
performed on substrates that allow cells to freely spread. A big challenge has been to
develop complementary in vitro and in vivo systems that allows us understand the role of
cell shape and the relative contributions of cell-cell and cell-matrix adhesions in
proliferation. Micropatterning provides an experimental platform to model SMC
proliferation during vascular injury as it allows for precise control of cell spreading while
maintaining a stiff substrate necessary for N-cadherin expression. Results from our in
vitro proliferation studies with micropatterned SMCs are consistent with our in vivo
vascular injury model demonstrating that N-cadherin is required for SMC proliferation.
Methods to determine cell shape and accurately measure cell spreading within
tissue are lacking, and this prevents us from fully understanding how cell geometry
regulates cell behavior in vivo. However, tissue stiffness and other physical features of
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the extracellular environment can inform us about cell shape and spreading. Pathological
tissues are significantly stiffer than their healthy counterparts in carcinogenesis (Yu et al.,
2011) (Table 6.1). Within diseased tissue, hyperproliferative cells drive rapid tissue
expansion, which places cells under undue compression and interstitial pressure thus
increasing tension in cells and tissues alike. Although pathological tissues are
significantly stiffer, cell spreading within diseased tissues is likely constrained. For
instance, in stiffened injured femoral arteries, there are more nuclei per area in the
neointima as compared to the media of a healthy compliant artery. This indicates that cell
shape is perhaps different in healthy versus diseased tissue.

Tissue

Cells

Normal or resting state

Pathological or activated state

Breast

0.4 - 2 kPa

4 - 12 kPa

Lung

10 kPa

25 - 35 kPa

Brain

0.26 - 0.49 kPa

7 kPa

Bone

2 - 14 G Pa

>689 MPa

Liver

0.3 - 0.6 kPa

1.6 - 20 kPa

Epithelial cells

~ 2 kPa

~ 0.4 kPa

Fibroblasts

~ 0.4 kPa

~ 1 kPa

Mesenchymal stem cells

0.25 - 0.9 kPa

N/A

Macrophages

1.5 kPa

0.5 kPa

Myeloid

N/A

0.17 - 1.5 kPa (HL60 cells)

T lymphocyte

0.013 - 0.083 kPa (Jurkat cells)

N/A

Neutrophils

0.07 - 0.24 kPa

N/A

Table 6.1: Elastic moduli of tissues and cells involved in cancer. Adapted
from Trends in Cell Biology, Vol. 21, Yu, H, Mouw, JK, and Weaver, VM,
Forcing form and function: biomechanical regulation of tumor evolution, Pages
47-56, Copyright 2011, with permission from Elsevier.
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6.5 Proliferative role of cadherins
The prevailing notion is that cadherin-mediated engagement between neighboring
cells leads to a blockade in proliferation termed ‘contact inhibition’. While cadherins
have been widely reported to arrest cell cycling (Kim et al., 2011; McClatchey and Yap,
2012), pro-proliferative effects have also been observed (Fournier et al., 2008; Nelson et
al., 2004; Reddy et al., 2005; Zhu and Watt, 1996). Our data suggest that cadherins are
intrinsically neither pro- nor anti-proliferative. Rather, we propose that the proliferative
outcome of cadherin engagement is modulated by contextual cues. The contextual cues
that influence the proliferative outcome of cadherin is not fully understood. Our studies
show that one of these contextual cues is the degree of cell spreading. Cell spreading is
affected by ECM composition and differential expression or engagement of specific
integrins. ECM and integrin expression can be dynamic and cell-type specific and likely
contribute to the different proliferative effects of cadherin-mediated cell-cell adhesion.
Differences in adherens junction architecture and organization among different
cell types may also determine the proliferative role of cadherins. For example, E- and
VE-cadherin-based junctions in epithelium and endothelium are often described as
‘zipped’ and tight. In contrast, N-cadherin-dependent intercellular contacts in
mesenchymal cells such as SMCs and MEFs are often punctuated by spaces, and may be
better characterized as ‘buttoned.’ These structural differences in junction organization
influences force transduction between cells and in turn mechanical signals that regulate
proliferation.
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6.6 Implications of N-cadherin-stimulated cell cycling in cardiovascular biology and
disease
N-cadherin has an essential role in cardiovascular development, and several
studies have identified a particularly critical role in the heart, where N-cadherin is
essential for maintaining cell-cell contact between cardiac myocytes (Radice, 2013). We
circumvented these developmental roles by selectively deleting N-cadherin in adult
SMCs. Under these conditions, we did not observe gross differences in arterial integrity
in the presence or absence of SMC N-cadherin, nor did the deletion of arterial N-cadherin
lead to overt disruptions in arterial function in vivo. Other cadherins and cell adhesion
molecules (Ig-CAMs), including proteins found in tight and gap junctions (Huang, 1998;
Juliano, 2002; Kusch et al., 2009; Matter et al., 2005; Paraguassú-Braga et al., 2003;
Tsukita et al., 2008) may compensate for the loss of N-cadherin in the uninjured artery.
As these types of junctions are also connected to the actin cytoskeleton, it is possible that
they may communicate with FAs in a tension dependent manner. However after injury,
the proliferative potential of SMCs is profoundly affected by the loss of N-cadherin. Ncadherin is also thought to contribute to smooth muscle cell migration and survival
(Jones, 2002; Koutsouki et al., 2005; Lyon et al., 2010). Thus, N-cadherin has much more
diverse effects in the cardiovascular system than previously thought, controlling tissue
integrity in the heart and major cellular functions of arterial smooth muscle.
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6.7 Summary
The work shown in this thesis establishes that matrix stiffness leads to induction
of N-cadherin through a mechanosensitive FAK-p130Cas-Rac signaling pathway, and
that this crosstalk between cell-cell and cell-matrix adhesions modulates the role of Ncadherin during FAK-stimulated SMC cycling. Using complementary in vivo and in vitro
approaches, we first demonstrated that N-cadherin is induced in response vascular injury,
and employed polyacrylamide hydrogels matched to the elastic modulus of healthy and
injured arteries to show that N-cadherin induction is directly regulated by matrix
stiffness. Furthermore, epistasis studies reveal that unidirectional signaling from FAK to
N-cadherin is essential for in vivo SMC proliferation. Finally, using adhesive
micropatterned islands as a platform to manipulate cell shape and intercellular contact,
we demonstrate that N-cadherin provides stimulatory signals for proliferation and that it
overrides that spreading requirement for cell cycling when cell-matrix adhesion is
constrained. Thus, matrix stiffness and cell spreading provide important contextual cues
that modulate the role N-cadherin in cell proliferation.

	
  

91

Bibliography

Adams, C.L. (1998). Mechanisms of Epithelial Cell-Cell Adhesion and Cell Compaction
Revealed by High-resolution Tracking of E-Cadherin-Green Fluorescent Protein. J. Cell
Biol. 142, 1105–1119.
Van Aelst, L., and D’Souza-Schorey, C. (1997). Rho GTPases and signaling networks.
Genes Dev 11, 2295–2322.
Alexander, N.R., Tran, N.L., Rekapally, H., Summers, C.E., Glackin, C., and Heimark,
R.L. (2006). N-cadherin gene expression in prostate carcinoma is modulated by integrindependent nuclear translocation of Twist1. Cancer Res. 66, 3365–3369.
Ali, I.U., Mautner, V., Lanza, R., and Hynes, R.O. (1977). Restoration of normal
morphology, adhesion and cytoskeleton in transformed cells by addition of a
transformation-sensitive surface protein. Cell 11, 115–126.
Anastasiadis, P.Z., and Reynolds, a B. (2001). Regulation of Rho GTPases by p120catenin. Curr. Opin. Cell Biol. 13, 604–610.
Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore, N., Dupont,
S., and Piccolo, S. (2013). A mechanical checkpoint controls multicellular growth
through YAP/TAZ regulation by actin-processing factors. Cell 154, 1047–1059.
Assoian, R.K., and Klein, E.A. (2008). Growth control by intracellular tension and
extracellular stiffness S0962-8924(08)00135-9 [pii] 10.1016/j.tcb.2008.05.002. Trends
Cell Biol 7, 24–27.
Assoian, R.K., Schwartz, M.A., Assoian R.K., and Schwartz M.A. (2001). Coordinate
signaling by integrins and receptor tyrosine kinases in the regulation of G1 phase cellcycle progression. Curr. Opin. Genet. Dev. 11, 48–53.
Avizienyte, E., Wyke, A.W., Jones, R.J., McLean, G.W., Westhoff, M.A., Brunton, V.G.,
and Frame, M.C. (2002). Src-induced de-regulation of E-cadherin in colon cancer cells
requires integrin signalling. Nat. Cell Biol. 4, 632–638.
Avizienyte, E., Fincham, V.J., Brunton, V.G., and Frame, M.C. (2004). Src SH3/2
domain-mediated peripheral accumulation of Src and phospho-myosin is linked to
deregulation of E-cadherin and the epithelial-mesenchymal transition. Mol. Biol. Cell 15,
2794–2803.

	
  

92

Bae, Y.H., Mui, K.L., Hsu, B.Y., Liu, S.-L., Cretu, A., Razinia, Z., Xu, T., Puré, E., and
Assoian, R.K. (2014). A FAK-Cas-Rac-lamellipodin signaling module transduces
extracellular matrix stiffness into mechanosensitive cell cycling. Sci. Signal. 7, ra57.
Barberis, L., Wary, K.K., Fiucci, G., Liu, F., Hirsch, E., Brancaccio, M., Altruda, F.,
Tarone, G., and Giancotti, F.G. (2000). Distinct Roles of the Adaptor Protein Shc and
Focal Adhesion Kinase in Integrin Signaling to ERK. J Biol Chem 275, 36532–36540.
Baumeister, U., Funke, R., Ebnet, K., Vorschmitt, H., Koch, S., and Vestweber, D.
(2005). Association of Csk to VE-cadherin and inhibition of cell proliferation. EMBO J
24, 1686–1695.
Bhadriraju, K., Yang, M., Alom Ruiz, S., Pirone, D., Tan, J., and Chen, C.S. (2007).
Activation of ROCK by RhoA is regulated by cell adhesion, shape, and cytoskeletal
tension. Exp. Cell Res. 313, 3616–3623.
Borghi, N., Sorokina, M., Shcherbakova, O.G., Weis, W.I., Pruitt, B.L., Nelson, W.J.,
and Dunn, A.R. (2012). E-cadherin is under constitutive actomyosin-generated tension
that is increased at cell-cell contacts upon externally applied stretch. Proc. Natl. Acad.
Sci. U. S. A. 109, 12568–12573.
Braga, V.M., Betson, M., Li, X., and Lamarche-Vane, N. (2000). Activation of the small
GTPase Rac is sufficient to disrupt cadherin-dependent cell-cell adhesion in normal
human keratinocytes. Mol. Biol. Cell 11, 3703–3721.
Burridge, K., Turner, C.E., and Romer, L.H. (1992). Tyrosine phosphorylation of paxillin
and pp125FAK accompanies cell adhesion to extracellular matrix: a role in cytoskeletal
assembly. J Cell Biol 119, 893–903.
Butcher, D.T., Alliston, T., and Weaver, V.M. (2009). A tense situation: forcing tumour
progression. Nat. Rev. Cancer 9, 108–122.
Cary, L.A., Han, D.C., Polte, T.R., Hanks, S.K., and Guan, J.L. (1998). Identification of
p130Cas as a mediator of focal adhesion kinase-promoted cell migration. J. Cell Biol.
140, 211–221.
Chalasani, K., and Brewster, R.M. (2011). N-cadherin-mediated cell adhesion restricts
cell proliferation in the dorsal neural tube. Mol. Biol. Cell 22, 1505–1515.
Chen, C.S. (2008). Mechanotransduction – a field pulling together  ? J. Cell Sci.
Chen, X., and Gumbiner, B.M. (2006). Crosstalk between different adhesion molecules.
Curr. Opin. Cell Biol. 18, 572–578.

	
  

93

Chen, C.P., Posy, S., Ben-Shaul, A., Shapiro, L., and Honig, B.H. (2005). Specificity of
cell-cell adhesion by classical cadherins: Critical role for low-affinity dimerization
through beta-strand swapping. Proc. Natl. Acad. Sci. U. S. A. 102, 8531–8536.
Chen, C.S., Mrksich, M., Huang, S., Whitesides, G.M., and Ingber, D.E. (1997).
Geometric control of cell life and death. Science (80-. ). 276, 1425–1428.
Chen, Q., Kinch, M.S., Lin, T.H., Burridge, K., and Juliano, R.L. (1994). Integrinmediated cell adhesion activates mitogen-activated protein kinases. J. Biol. Chem. 269,
26602–26605.
Chopra, A., Tabdanov, E., Patel, H., Janmey, P. a, and Kresh, J.Y. (2011). Cardiac
myocyte remodeling mediated by N-cadherin-dependent mechanosensing. Am. J.
Physiol. Heart Circ. Physiol. 300, H1252–H1266.
Chrzanowska-Wodnicka, M., and Burridge, K. (1996). Rho-stimulated contractility
drives the formation of stress fibers and focal adhesions. J Cell Biol 133, 1403–1415.
Clark, E.A., King, W.G., Brugge, J.S., Symons, M., and Hynes, R.O. (1998). Integrinmediated signals regulated by members of the rho family of GTPases. J Cell Biol 142,
573–586.
Conway, D.E., Breckenridge, M.T., Hinde, E., Gratton, E., Chen, C.S., and Schwartz,
M.A. (2013). Fluid shear stress on endothelial cells modulates mechanical tension across
VE-cadherin and PECAM-1. Curr. Biol. 23, 1024–1030.
Cretu, A., Castagnino, P., and Assoian, R. (2010). Studying the effects of matrix stiffness
on cellular function using acrylamide-based hydrogels. J Vis Exp.
Cuff, C.A., Kothapalli, D., Azonobi, I., Chun, S., Zhang, Y., Belkin, R., Yeh, C., Secreto,
A., Assoian, R.K., Rader, D.J., et al. (2001). The adhesion receptor CD44 promotes
atherosclerosis by mediating inflammatory cell recruitment and vascular cell activation. J
Clin Invest 108, 1031–1040.
Desprat, N., Supatto, W., Pouille, P.-A., Beaurepaire, E., and Farge, E. (2008). Tissue
deformation modulates twist expression to determine anterior midgut differentiation in
Drosophila embryos. Dev. Cell 15, 470–477.
Discher, D.E., Janmey, P., and Wang, Y.L. (2005). Tissue cells feel and respond to the
stiffness of their substrate 310/5751/1139 [pii] 10.1126/science.1116995. Science (80-. ).
310, 1139–1143.
Le Duc, Q., Shi, Q., Blonk, I., Sonnenberg, A., Wang, N., Leckband, D., and de Rooij, J.
(2010). Vinculin potentiates E-cadherin mechanosensing and is recruited to actin	
  

94

anchored sites within adherens junctions in a myosin II-dependent manner. J. Cell Biol.
189, 1107–1115.
Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., Zanconato,
F., Le Digabel, J., Forcato, M., Bicciato, S., et al. (2011). Role of YAP/TAZ in
mechanotransduction. Nature 474, 179–183.
Dzamba, B.J., Jakab, K.R., Marsden, M., Schwartz, M.A., and DeSimone, D.W. (2009).
Cadherin Adhesion, Tissue Tension, and Noncanonical Wnt Signaling Regulate
Fibronectin Matrix Organization. Dev. Cell 16, 421–432.
Ehrlich, J.S., Hansen, M.D., and Nelson, W.J. (2002). Spatio-temporal regulation of Rac1
localization and lamellipodia dynamics during epithelial cell-cell adhesion. Dev Cell 3,
259–270.
Engler, A.J., Sen, S., Sweeney, H.L., and Discher, D.E. (2006). Matrix Elasticity Directs
Stem Cell Lineage Specification. Cell 677–689.
Fleming, I.N., Elliott, C.M., and Exton, J.H. (1996). Differential Translocation of Rho
Family GTPases by Lysophosphatidic Acid, Endothelin-1, and Platelet-derived Growth
Factor. J. Biol. Chem. 271, 33067–33073.
Fonseca, P.M., Shin, N.-Y., Brábek, J., Ryzhova, L., Wu, J., and Hanks, S.K. (2004).
Regulation and localization of CAS substrate domain tyrosine phosphorylation. Cell.
Signal. 16, 621–629.
Fournier, A.K., Campbell, L.E., Castagnino, P., Liu, W.F., Chung, B.M., Weaver, V.M.,
Chen, C.S., and Assoian, R.K. (2008). Rac-dependent cyclin D1 gene expression
regulated by cadherin- and integrin-mediated adhesion 121/2/226 [pii]
10.1242/jcs.017012. J Cell Sci 121, 226–233.
Fukata, M., and Kaibuchi, K. (2001). Rho-family GTPases in cadherin-mediated cell-cell
adhesion. Nat. Rev. Mol. Cell Biol. 2, 887–897.
Galbraith, C.G., and Sheetz, M.P. (1998). Forces on adhesive contacts affect cell
function. Curr. Opin. Cell Biol. 10, 566–571.
Gao, L., McBeath, R., and Chen, C.S. (2010). Stem Cell Shape Regulates a
Chondrogenic Versus Myogenic Fate Through Rac1 and N‚ÄêCadherin. Stem Cells 28,
564–572.
Geiger, B., Bershadsky, A., Pankov, R., and Yamada, K.M. (2001). Transmembrane
crosstalk between the extracellular matrix--cytoskeleton crosstalk. Nat. Rev. Mol. Cell
Biol. 2, 793–805.
	
  

95

Geiger, B., Spatz, J.P., and Bershadsky, A.D. (2009). Environmental sensing through
focal adhesions. Nat. Rev. Mol. Cell Biol. 10, 21–33.
Gilbert, P.M., Havenstrite, K.L., Magnusson, K.E.G., Sacco, A., Leonardi, N.A., Kraft,
P., Nguyen, N.K., Thrun, S., Lutolf, M.P., and Blau, H.M. (2010). Substrate elasticity
regulates skeletal muscle stem cell self-renewal in culture. Science 329, 1078–1081.
Gille, H., and Downward, J. (1999). Multiple ras effector pathways contribute to G(1)
cell cycle progression. J Biol Chem 274, 22033–22040.
Grazia Lampugnani, M., Zanetti, A., Corada, M., Takahashi, T., Balconi, G., Breviario,
F., Orsenigo, F., Cattelino, A., Kemler, R., Daniel, T.O., et al. (2003). Contact inhibition
of VEGF-induced proliferation requires vascular endothelial cadherin, beta-catenin, and
the phosphatase DEP-1/CD148. J Cell Biol 161, 793–804.
Gumbiner, B.M. (2005). Regulation of cadherin-mediated adhesion in morphogenesis.
Nat. Rev. Mol. Cell Biol. 6, 622–634.
Guo, W., Frey, M.T., Burnham, N.A., and Wang, Y. (2006). Substrate rigidity regulates
the formation and maintenance of tissues. Biophys. J. 90, 2213–2220.
Halbleib, J.M., and Nelson, W.J. (2006). Cadherins in development: cell adhesion,
sorting, and tissue morphogenesis. Genes Dev. 20, 3199–3214.
Hall, A. (1998). Rho GTPases and the Actin Cytoskeleton. Science (80-. ). 279, 509–514.
Harburger, D.S., and Calderwood, D.A. (2009). Integrin signalling at a glance. J. Cell
Sci. 122, 159–163.
Haÿ, E., Nouraud, A., and Marie, P.J. (2009). N-cadherin negatively regulates osteoblast
proliferation and survival by antagonizing Wnt, ERK and PI3K/Akt signalling. PLoS One
4, e8284.
Henry, S.J., Crocker, J.C., and Hammer, D.A. (2014). Ligand density elicits a phenotypic
switch in human neutrophils. Integr. Biol. (Camb). 6, 348–356.
Hermiston, M.L., Wong, M.H., and Gordon, J.I. (1996). Forced expression of E-cadherin
in the mouse intestinal epithelium slows cell migration and provides evidence for
nonautonomous regulation of cell fate in a self-renewing system. Genes Dev. 10, 985–
996.
Hoschuetzky, H. (1994). Beta-catenin mediates the interaction of the cadherin-catenin
complex with epidermal growth factor receptor. J. Cell Biol. 127, 1375–1380.

	
  

96

Huang, G.Y. (1998). Gap Junction-mediated Cell-Cell Communication Modulates Mouse
Neural Crest Migration. J. Cell Biol. 143, 1725–1734.
Huang, S., Chen, C.S., Ingber, D.E., Huang S., Chen C.S., and Ingber D.E. (1998).
Control of cyclin D1, p27kip1, and cell cycle progression in human capillary endothelial
cells by cell shape and cytoskeletal tension. Mol. Biol. Cell 9, 3179–3193.
Humphrey, J.D., Dufresne, E.R., and Schwartz, M.A. (2014). Mechanotransduction and
extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 15, 802–812.
Huveneers, S., and Danen, E.H.J. (2009). Adhesion signaling - crosstalk between
integrins, Src and Rho. J. Cell Sci. 122, 1059–1069.
Hynes, R.O. (2004). The emergence of integrins: a personal and historical perspective.
Matrix Biol. 23, 333–340.
Jaalouk, D.E., and Lammerding, J. (2009). Mechanotransduction gone awry. 10.
Janmey, P.A., and Miller, R.T. (2011). Mechanisms of mechanical signaling in
development and disease. J. Cell Sci.
Jones, M. (2002). N-Cadherin Upregulation and Function in Response of Smooth Muscle
Cells to Arterial Injury. Arterioscler. Thromb. Vasc. Biol. 22, 1972–1977.
Juliano, R.L. (2002). Signal transduction by cell adhesion receptors and the cytoskeleton:
functions of integrins, cadherins, selectins, and immunoglobulin-superfamily members.
Annu. Rev. Pharmacol. Toxicol. 42, 283–323.
Katsumi, A., Orr, A.W., Tzima, E., and Schwartz, M.A. (2004). Integrins in
mechanotransduction. J. Biol. Chem. 279, 12001–12004.
Kim, J.-H., Kushiro, K., Graham, N.A., and Asthagiri, A.R. (2009). Tunable interplay
between epidermal growth factor and cell-cell contact governs the spatial dynamics of
epithelial growth. Proc. Natl. Acad. Sci. U. S. A. 106, 11149–11153.
Kim, N.-G., Koh, E., Chen, X., and Gumbiner, B.M. (2011). E-cadherin mediates contact
inhibition of proliferation through Hippo signaling-pathway components. Proc. Natl.
Acad. Sci. U. S. A. 108, 11930–11935.
Klein, E. a, Yin, L., Kothapalli, D., Castagnino, P., Byfield, F.J., Xu, T., Levental, I.,
Hawthorne, E., Janmey, P. a, and Assoian, R.K. (2009). Cell-cycle control by
physiological matrix elasticity and in vivo tissue stiffening. Curr. Biol. 19, 1511–1518.
Klein, E.A., Yung, Y., Castagnino, P., Kothapalli, D., and Assoian, R.K. (2007). Cell
adhesion, cellular tension, and cell cycle control. Methods Enzym. 426, 155–175.
	
  

97

Kobielak, A., and Fuchs, E. (2004). Alpha-catenin: at the junction of intercellular
adhesion and actin dynamics. Nat. Rev. Mol. Cell Biol. 5, 614–625.
Kothapalli, D., Zhao, L., Hawthorne, E.A., Cheng, Y., Lee, E., Pure, E., and Assoian,
R.K. (2007). Hyaluronan and CD44 antagonize mitogen-dependent cyclin D1 expression
in mesenchymal cells. J Cell Biol 176, 535–544.
Koutsouki, E., Beeching, C.A., Slater, S.C., Blaschuk, O.W., Sala-Newby, G.B., and
George, S.J. (2005). N-cadherin-dependent cell-cell contacts promote human saphenous
vein smooth muscle cell survival. Arterioscler. Thromb. Vasc. Biol. 25, 982–988.
Kranenburg, O., Poland, M., Gebbink, M., Oomen, L., and Moolenaar, W.H. (1997).
Dissociation of LPA-induced cytoskeletal contraction from stress fiber formation by
differential localization of RhoA. J. Cell Sci. 110 ( Pt 1, 2417–2427.
Kusch, A., Tkachuk, S., Tkachuk, N., Patecki, M., Park, J.-K., Dietz, R., Haller, H., and
Dumler, I. (2009). The tight junction protein ZO-2 mediates proliferation of vascular
smooth muscle cells via regulation of Stat1. Cardiovasc. Res. 83, 115–122.
Leckband, D.E., le Duc, Q., Wang, N., and de Rooij, J. (2011). Mechanotransduction at
cadherin-mediated adhesions. Curr. Opin. Cell Biol. 23, 523–530.
Lin, T.H., Chen, Q., Howe, A., and Juliano, R.L. (1997). Cell anchorage permits efficient
signal transduction between ras and its downstream kinases. J. Biol. Chem. 272, 8849–
8852.
Liu, Z., Tan, J.L., Cohen, D.M., Yang, M.T., Sniadecki, N.J., Alom, S., Nelson, C.M.,
and Chen, C.S. (2010). Mechanical tugging force regulates the size of cell – cell
junctions. PNAS.
Lo, C.M., Wang, H.B., Dembo, M., and Wang, Y.L. (2000). Cell Movement Is Guided
by the Rigidity of the Substrate. Biophys J 79, 144–152.
Low, B.C., Pan, C.Q., Shivashankar, G. V, Bershadsky, A., Sudol, M., and Sheetz, M.
(2014). YAP/TAZ as mechanosensors and mechanotransducers in regulating organ size
and tumor growth. FEBS Lett. 588, 2663–2670.
Lyon, C.A., Koutsouki, E., Aguilera, C.M., Blaschuk, O.W., and George, S.J. (2010).
Inhibition of N-cadherin retards smooth muscle cell migration and intimal thickening via
induction of apoptosis. J. Vasc. Surg. 52, 1301–1309.
Martin, A.C., Gelbart, M., Fernandez-Gonzalez, R., Kaschube, M., and Wieschaus, E.F.
(2010). Integration of contractile forces during tissue invagination. J. Cell Biol. 188, 735–
749.
	
  

98

Martinez-Rico, C., Pincet, F., Thiery, J.-P., and Dufour, S. (2010). Integrins stimulate Ecadherin-mediated intercellular adhesion by regulating Src-kinase activation and
actomyosin contractility. J. Cell Sci. 123, 712–722.
Maruthamuthu, V., Sabass, B., Schwarz, U.S., and Gardel, M.L. (2011). Cell-ECM
traction force modulates endogenous tension at cell – cell contacts. PNAS.
Matsuda, T., Fujio, Y., Nariai, T., Ito, T., Yamane, M., Takatani, T., Takahashi, K., and
Azuma, J. (2006). N-cadherin signals through Rac1 determine the localization of
connexin 43 in cardiac myocytes. J. Mol. Cell. Cardiol. 40, 495–502.
Matter, K., Aijaz, S., Tsapara, A., and Balda, M.S. (2005). Mammalian tight junctions in
the regulation of epithelial differentiation and proliferation. Curr. Opin. Cell Biol. 17,
453–458.
Mcbeath, R., Pirone, D.M., Nelson, C.M., Bhadriraju, K., and Chen, C.S. (2004). Cell
shape, cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev. Cell
6, 483–495.
McClatchey, A.I., and Yap, A.S. (2012). Contact inhibition (of proliferation) redux. Curr.
Opin. Cell Biol. 24, 685–694.
Miralles, F., Posern, G., Zaromytidou, A.-I., and Treisman, R. (2003). Actin Dynamics
Control SRF Activity by Regulation of Its Coactivator MAL. Cell 113, 329–342.
Mitra, S.K., and Schlaepfer, D.D. (2006). Integrin-regulated FAK-Src signaling in normal
and cancer cells. Curr Opin Cell Biol 18, 516–523.
Mitra, S.K., Hanson, D.A., and Schlaepfer, D.D. (2005). Focal adhesion kinase: in
command and control of cell motility. Nat. Rev. Mol. Cell Biol. 6, 56–68.
Miyamoto, S., Teramoto, H., Gutkind, J.S., and Yamada, K.M. (1996). Integrins can
collaborate with growth factors for phosphorylation of receptor tyrosine kinases and
MAP kinase activation: roles of integrin aggregation and occupancy of receptors. J Cell
Biol 135, 1633–1642.
Montell, D.J. (2008). Morphogenetic cell movements: diversity from modular mechanical
properties. Science 322, 1502–1505.
Morino, N., Mimura, T., Hamasaki, K., Tobe, K., Ueki, K., Kikuchi, K., Takehara, K.,
Kadowaki, T., Yazaki, Y., and Nojima, Y. (1995). Matrix/integrin interaction activates
the mitogen activated protein kinase p44erk-1 and p42erk-2. J. Biol. Chem. 270, 269–
273.

	
  

99

Mui,	
  K.L.,	
  Bae,	
  Y.H.,	
  Gao,	
  L.,	
  Liu,	
  S.-‐L.,	
  Xu,	
  T.,	
  Radice,	
  G.L.,	
  Chen,	
  C.S.,	
  and	
  Assoian,	
  R.K.	
  
(2015b).	
  N-‐Cadherin	
  Induction	
  by	
  ECM	
  Stiffness	
  and	
  FAK	
  Overrides	
  the	
  Spreading	
  
Requirement	
  for	
  Proliferation	
  of	
  Vascular	
  Smooth	
  Muscle	
  Cells.	
  Cell	
  Rep.	
  10,	
  1477–
1486.	
  	
  
Musah, S., Wrighton, P.J., Zaltsman, Y., Zhong, X., Zorn, S., Parlato, M.B., Hsiao, C.,
Palecek, S.P., Chang, Q., Murphy, W.L., et al. (2014). Substratum-induced differentiation
of human pluripotent stem cells reveals the coactivator YAP is a potent regulator of
neuronal specification. Proc. Natl. Acad. Sci. U. S. A. 111, 13805–13810.
Nelson, C.M., and Chen, C.S. (2002). Cell-cell signaling by direct contact increases cell
proliferation via a PI3K-dependent signal. FEBS Lett. 514, 238–242.
Nelson, C.M., and Chen, C.S. (2003). VE-cadherin simultaneously stimulates and inhibits
cell proliferation by altering cytoskeletal structure and tension. J. Cell Sci. 116, 3571–
3581.
Nelson, C.M., Pirone, D.M., Tan, J.L., and Chen, C.S. (2004). Vascular EndothelialCadherin Regulates Cytoskeletal Tension , Cell Spreading , and Focal Adhesions by
Stimulating RhoA □. Mol. Biol. Cell 15, 2943–2953.
Nelson, C.M., Liu, W.F., and Chen, C.S. (2007). Manipulation of cell-cell adhesion using
bowtie-shaped microwells. Methods Mol. Biol. 370, 1–10.
Noren, N.K., Liu, B.P., Burridge, K., and Kreft, B. (2000). p120 catenin regulates the
actin cytoskeleton via Rho family GTPases. J Cell Biol 150, 567–580.
Oda, H., Tsukita, S., and Takeichi, M. (1998). Dynamic behavior of the cadherin-based
cell-cell adhesion system during Drosophila gastrulation. Dev. Biol. 203, 435–450.
Oktay, M., Wary, K.K., Dans, M., Birge, R.B., and Giancotti, F.G. (1999). Integrinmediated activation of focal adhesion kinase is required for signaling to Jun NH2terminal kinase and progression through the G1 phase of the cell cycle. J Cell Biol 145,
1461–1469.
Owens, G.K., Kumar, M.S., and Wamhoff, B.R. (2004). Molecular Regulation of
Vascular Smooth Muscle Cell Differentiation in Development and Disease. Cell Differ.
84, 767–801.
Paraguassú-Braga, F.H., Borojevic, R., Bouzas, L.F., Barcinski, M.A., and Bonomo, A.
(2003). Bone marrow stroma inhibits proliferation and apoptosis in leukemic cells
through gap junction-mediated cell communication. Cell Death Differ. 10, 1101–1108.
Parsons, J.T., Horwitz, A.R., and Schwartz, M.A. (2010). Cell adhesion: integrating
cytoskeletal dynamics and cellular tension. Nat. Rev. Mol. Cell Biol. 11, 633–643.
	
  

100

Paszek, M.J., Zahir, N., Johnson, K.R., Lakins, J.N., Rozenberg, G.I., Gefen, A.,
Reinhart-King, C. a, Margulies, S.S., Dembo, M., Boettiger, D., et al. (2005). Tensional
homeostasis and the malignant phenotype. Cancer Cell 8, 241–254.
Pece, S., and Gutkind, J.S. (2000). Signaling from E-cadherins to the MAPK pathway by
the recruitment and activation of epidermal growth factor receptors upon cell-cell contact
formation. J Biol Chem 275, 41227–41233.
Pelham Jr., R.J., and Wang, Y.L. (1997). Cell locomotion and focal adhesions are
regulated by substrate flexibility. Proc Natl Acad Sci U S A 94, 13661–13665.
Pelissier, F.A., Garbe, J.C., Ananthanarayanan, B., Miyano, M., Lin, C., Jokela, T.,
Kumar, S., Stampfer, M.R., Lorens, J.B., and LaBarge, M.A. (2014). Age-related
dysfunction in mechanotransduction impairs differentiation of human mammary
epithelial progenitors. Cell Rep. 7, 1926–1939.
Perrais, M., Chen, X., Perez-Moreno, M., and Gumbiner, B.M. (2007). E-cadherin
homophilic ligation inhibits cell growth and epidermal growth factor receptor signaling
independently of other cell interactions. Mol. Biol. Cell 18, 2013–2025.
Pirone, D.M., Liu, W.F., Ruiz, S.A., Gao, L., Raghavan, S., Lemmon, C.A., Romer, L.H.,
and Chen, C.S. (2006). An inhibitory role for FAK in regulating proliferation: a link
between limited adhesion and RhoA-ROCK signaling. J. Cell Biol. 174, 277.
Playford, M.P., Vadali, K., Cai, X., Burridge, K., and Schaller, M.D. (2008). Focal
adhesion kinase regulates cell-cell contact formation in epithelial cells via modulation of
Rho. Exp. Cell Res. 314, 3187–3197.
Prager-Khoutorsky, M., Lichtenstein, A., Krishnan, R., Rajendran, K., Mayo, A., Kam,
Z., Geiger, B., and Bershadsky, A.D. (2011). Fibroblast polarization is a matrix-rigiditydependent process controlled by focal adhesion mechanosensing. Nat. Cell Biol. 13,
1457–1465.
Price, L.S., Leng, J., Schwartz, M.A., and Bokoch, G.M. (1998). Activation of Rac and
Cdc42 by integrins mediates cell spreading. Mol Biol Cell 9, 1863–1871.
Quadri, S.K. (2011). Cross talk between focal adhesion kinase and cadherins: Role in
regulating endothelial barrier function. Microvasc. Res. 83, 3–11.
Radice, G.L. (2013). N-cadherin-mediated adhesion and signaling from development to
disease: lessons from mice. Prog. Mol. Biol. Transl. Sci. 116, 263–289.
Radice, G.L., Rayburn, H., Matsunami, H., Knudsen, K.A., Takeichi, M., and Hynes,
R.O. (1997). Developmental defects in mouse embryos lacking N-cadherin. Dev. Biol.
181, 64–78.
	
  

101

Reddy, P., Liu, L., Ren, C., Lindgren, P., Boman, K., Shen, Y., Lundin, E., Ottander, U.,
Rytinki, M., Liu, K., et al. (2005). Formation of E-cadherin-mediated cell-cell adhesion
activates AKT and mitogen activated protein kinase via phosphatidylinositol 3 kinase and
ligand-independent activation of epidermal growth factor receptor in ovarian cancer cells.
Mol Endocrinol 19, 2564–2578.
Renshaw, M.W., Ren, X.D., and Schwartz, M.A. (1997). Growth factor activation of
MAP kinase requires cell adhesion. EMBO J. 16, 5592–5599.
Resink, T.J., Philippova, M., Joshi, M.B., Kyriakakis, E., and Erne, P. (2009). Cadherins
and cardiovascular disease. Swiss Med. Wkly. 139, 122–134.
Robinson, B.S., and Moberg, K.H. (2011). Cell-cell junctions: α-catenin and E-cadherin
help fence in Yap1. Curr. Biol. 21, R890–R892.
Roque, M., Fallon, J.T., Badimon, J.J., Zhang, W.X., Taubman, M.B., and Reis, E.D.
(2000). Mouse model of femoral artery denudation injury associated with the rapid
accumulation of adhesion molecules on the luminal surface and recruitment of
neutrophils. Arter. Thromb Vasc Biol 20, 335–342.
Ruest, P.J., Shin, N.Y., Polte, T.R., Zhang, X., and Hanks, S.K. (2001). Mechanisms of
CAS substrate domain tyrosine phosphorylation by FAK and Src. Mol Cell Biol 21,
7641–7652.
Rzucidlo, E.M., Martin, K. a, and Powell, R.J. (2007). Regulation of vascular smooth
muscle cell differentiation. J. Vasc. Surg. Off. Publ. Soc. Vasc. Surg. [and] Int. Soc.
Cardiovasc. Surgery, North Am. Chapter 45 Suppl A, A25–A32.
Sabatini, P.J.B., Zhang, M., Silverman-Gavrila, R., Bendeck, M.P., and Langille, B.L.
(2008). Homotypic and endothelial cell adhesions via N-cadherin determine polarity and
regulate migration of vascular smooth muscle cells. Circ. Res. 103, 405–412.
Sakane, F., and Miyamoto, Y. (2013). N-cadherin regulates the proliferation and
differentiation of ventral midbrain dopaminergic progenitors. Dev. Neurobiol. 73, 518–
529.
Samuel, M.S., Lopez, J.I., McGhee, E.J., Croft, D.R., Strachan, D., Timpson, P., Munro,
J., Schröder, E., Zhou, J., Brunton, V.G., et al. (2011). Actomyosin-mediated cellular
tension drives increased tissue stiffness and β-catenin activation to induce epidermal
hyperplasia and tumor growth. Cancer Cell 19, 776–791.
Sata, M., Maejima, Y., Adachi, F., Fukino, K., Saiura, A., Sugiura, S., Aoyagi, T., Imai,
Y., Kurihara, H., Kimura, K., et al. (2000). A mouse model of vascular injury that
induces rapid onset of medial cell apoptosis followed by reproducible neointimal
hyperplasia. J. Mol. Cell. Cardiol. 32, 2097–2104.
	
  

102

Schaller, M.D., Hildebrand, J.D., Shannon, J.D., Fox, J.W., Vines, R.R., and Parsons, J.T.
(1994). Autophosphorylation of the focal adhesion kinase, pp125FAK, directs SH2dependent binding of pp60src. Mol Cell Biol 14, 1680–1688.
Schlaepfer, D.D., and Hunter, T. (1996). Evidence for in vivo phosphorylation of the
Grb2 SH2-domain binding site on focal adhesion kinase by Src-family protein-tyrosine
kinases. Mol. Cell. Biol. 16, 5623–5633.
Schlaepfer, D.D., Hauck, C.R., and Sieg, D.J. (1999). Signaling through focal adhesion
kinase. Prog. Biophys. Mol. Biol. 71, 435–478.
Schober, M., Raghavan, S., Nikolova, M., Polak, L., Pasolli, H.A., Beggs, H.E.,
Reichardt, L.F., and Fuchs, E. (2007). Focal adhesion kinase modulates tension signaling
to control actin and focal adhesion dynamics. J Cell Biol 176, 667–680.
Schwartz, M.A. (2010). Integrins and extracellular matrix in mechanotransduction. Cold
Spring Harb. Perspect. Biol. 2, a005066.
Seidel, B., Braeg, S., Adler, G., Wedlich, D., and Menke, A. (2004). E- and N-cadherin
differ with respect to their associated p120ctn isoforms and their ability to suppress
invasive growth in pancreatic cancer cells. Oncogene 23, 5532–5542.
Silvis, M.R., Kreger, B.T., Lien, W.-H., Klezovitch, O., Rudakova, G.M., Camargo, F.D.,
Lantz, D.M., Seykora, J.T., and Vasioukhin, V. (2011). α-catenin is a tumor suppressor
that controls cell accumulation by regulating the localization and activity of the
transcriptional coactivator Yap1. Sci. Signal. 4, ra33.
Sing, A., Tsatskis, Y., Fabian, L., Hester, I., Rosenfeld, R., Serricchio, M., Yau, N.,
Bietenhader, M., Shanbhag, R., Jurisicova, A., et al. (2014). The atypical cadherin fat
directly regulates mitochondrial function and metabolic state. Cell 158, 1293–1308.
Smutny, M., Cox, H.L., Leerberg, J.M., Kovacs, E.M., Conti, M.A., Ferguson, C.,
Hamilton, N. a, Parton, R.G., Adelstein, R.S., and Yap, A.S. (2010). Myosin II isoforms
identify distinct functional modules that support integrity of the epithelial zonula
adherens. Nat. Cell Biol. 12, 696–702.
Soler, C., Grangeasse, C., Baggetto, L.G., and Damour, O. (1999). Dermal fibroblast
proliferation is improved by beta-catenin overexpression and inhibited by E-cadherin
expression. FEBS Lett. 442, 178–182.
Solon, J., Levental, I., Sengupta, K., Georges, P.C., and Janmey, P.A. (2007). Fibroblast
adaptation and stiffness matching to soft elastic substrates. Biophys J 93, 4453–4461.

	
  

103

Stockinger, A., Eger, A., Wolf, J., Berg, H., and Foisner, R. (2001). E-cadherin regulates
cell growth by modulating proliferation-dependent beta-catenin transcriptional activity. J.
Cell Biol. 154, 1185–1196.
Stoker, M., O’Neill, C., Berryman, S., and Waxman, V. (1968). Anchorage and growth
regulation in normal and virus-transformed cells. Int. J. Cancer 3, 683–693.
Takaishi, K., Sasaki, T., Kotani, H., Nishioka, H., and Takai, Y. (1997). Regulation of
cell-cell adhesion by rac and rho small G proteins in MDCK cells. J Cell Biol 139, 1047–
1059.
Takuwa, N., Fukui, Y., and Takuwa, Y. (1999). Cyclin D1 expression mediated by
phosphatidylinositol 3-kinase through mTOR-p70(S6K)-independent signaling in growth
factor-stimulated NIH 3T3 fibroblasts. Mol Cell Biol 19, 1346–1358.
Tambe, D.T., Hardin, C.C., Angelini, T.E., Rajendran, K., Park, C.Y., Serra-Picamal, X.,
Zhou, E.H., Zaman, M.H., Butler, J.P., Weitz, D.A., et al. (2011). Collective cell
guidance by cooperative intercellular forces. Nat. Mater. 10, 469–475.
Tan, J.L., Tien, J., Pirone, D.M., Gray, D.S., Bhadriraju, K., and Chen, C.S. (2003). Cells
lying on a bed of microneedles: an approach to isolate mechanical force. Proc. Natl.
Acad. Sci. U. S. A. 100, 1484–1489.
Tang, Y., Rowe, R.G., Botvinick, E.L., Kurup, A., Putnam, A.J., Seiki, M., Weaver,
V.M., Keller, E.T., Goldstein, S., Dai, J., et al. (2013). MT1-MMP-dependent control of
skeletal stem cell commitment via a β1-integrin/YAP/TAZ signaling axis. Dev. Cell 25,
402–416.
Taylor, J.M., Mack, C.P., Nolan, K., Regan, C.P., Owens, G.K., and Parsons, J.T. (2001).
Selective expression of an endogenous inhibitor of FAK regulates proliferation and
migration of vascular smooth muscle cells. Mol Cell Biol 21, 1565–1572.
Tinkle, C.L., Lechler, T., Pasolli, H.A., and Fuchs, E. (2004). Conditional targeting of Ecadherin in skin: insights into hyperproliferative and degenerative responses. Proc Natl
Acad Sci U S A 101, 552–557.
Tsukita, S., Yamazaki, Y., Katsuno, T., and Tamura, A. (2008). Tight junction-based
epithelial microenvironment and cell proliferation. Oncogene 27, 6930–6938.
Turner, C.E. (2000). Paxillin and focal adhesion signalling. Nat. Cell Biol. 2, E231–
E236.
Tzima, E., Irani-Tehrani, M., Kiosses, W.B., Dejana, E., Schultz, D. a, Engelhardt, B.,
Cao, G., DeLisser, H., and Schwartz, M.A. (2005). A mechanosensory complex that
mediates the endothelial cell response to fluid shear stress. Nature 437, 426–431.
	
  

104

Uglow, E.B., Slater, S., Sala-Newby, G.B., Aguilera-Garcia, C.M., Angelini, G.D.,
Newby, A.C., and George, S.J. (2003). Dismantling of cadherin-mediated cell-cell
contacts modulates smooth muscle cell proliferation. Circ. Res. 92, 1314–1321.
Wang, H., Radjendirane, V., Wary, K.K., and Chakrabarty, S. (2004). Transforming
growth factor beta regulates cell-cell adhesion through extracellular matrix remodeling
and activation of focal adhesion kinase in human colon carcinoma Moser cells. Oncogene
23, 5558–5561.
Wang, H., Nair, A., Chen, C.S., Wells, R.G., and Shenoy, V.B. (2014). Long Range
Force Transmission in Fibrous Matrices Enabled by Tension-Driven Alignment of Fibers.
Wang, Y., Jin, G., Miao, H., Li, J.Y.-S., Usami, S., and Chien, S. (2006a). Integrins
regulate VE-cadherin and catenins: dependence of this regulation on Src, but not on Ras.
Proc. Natl. Acad. Sci. U. S. A. 103, 1774–1779.
Wang, Y., Ohkubo, T., Tsubouchi, H., and Ozawa, M. (2006b). Enhanced cellsubstratum adhesion of E-cadherin-expressing cells is mediated by activation of the small
GTPase protein, Rac1. Int. J. Mol. Med. 17, 637–642.
Watanabe, T., Sato, K., and Kaibuchi, K. (2009). Cadherin-mediated intercellular
adhesion and signaling cascades involving small GTPases. Cold Spring Harb. Perspect.
Biol. 1, a003020.
Weber, G.F., Bjerke, M. a, and DeSimone, D.W. (2011). Integrins and cadherins join
forces to form adhesive networks. J. Cell Sci. 124, 1183–1193.
Weis, S.M., Lim, S.-T., Lutu-Fuga, K.M., Barnes, L.A., Chen, X.L., Göthert, J.R., Shen,
T.-L., Guan, J.-L., Schlaepfer, D.D., and Cheresh, D.A. (2008). Compensatory role for
Pyk2 during angiogenesis in adult mice lacking endothelial cell FAK. J. Cell Biol. 181,
43–50.
Wildenberg, G.A., Dohn, M.R., Carnahan, R.H., Davis, M.A., Lobdell, N.A., Settleman,
J., and Reynolds, A.B. (2006). p120-catenin and p190RhoGAP regulate cell-cell adhesion
by coordinating antagonism between Rac and Rho. Cell 127, 1027–1039.
Williams, E.J., Williams, G., Howell, F. V, Skaper, S.D., Walsh, F.S., Doherty, P.,
Williams E.J., Williams G., Howell F.V., Skaper S.D., et al. (2001). Identification of an
N-cadherin motif that can interact with the fibroblast growth factor receptor and is
required for axonal growth. J Biol Chem 276, 43879–43886.
Woods, A., Wang, G., Dupuis, H., Shao, Z., and Beier, F. (2007). Rac1 signaling
stimulates N-cadherin expression, mesenchymal condensation, and chondrogenesis. J.
Biol. Chem. 282, 23500–23508.
	
  

105

Yamada, K.M., Yamada, S.S., and Pastan, I. (1976). Cell surface protein partially
restores morphology, adhesiveness, and contact inhibition of movement to transformed
fibroblasts. Proc. Natl. Acad. Sci. U. S. A. 73, 1217–1221.
Yamamoto, H., Ehling, M., Kato, K., Kanai, K., van Lessen, M., Frye, M., Zeuschner, D.,
Nakayama, M., Vestweber, D., and Adams, R.H. (2015). Integrin β1 controls VEcadherin localization and blood vessel stability. Nat. Commun. 6, 6429.
Yang, J., Mani, S.A., Donaher, J.L., Ramaswamy, S., Itzykson, R.A., Come, C.,
Savagner, P., Gitelman, I., Richardson, A., Weinberg, R.A., et al. (2004). Twist , a
Master Regulator of Morphogenesis , Plays an Essential Role in Tumor Metastasis Ben
Gurion University of the Negev. Cell 117, 927–939.
Yano, H., Mazaki, Y., Kurokawa, K., Hanks, S.K., Matsuda, M., and Sabe, H. (2004).
Roles played by a subset of integrin signaling molecules in cadherin-based cell-cell
adhesion. J. Cell Biol. 166, 283–295.
Yeung, T., Georges, P.C., Flanagan, L.A., Marg, B., Ortiz, M., Funaki, M., Zahir, N.,
Ming, W., Weaver, V., and Janmey, P.A. (2005). Effects of substrate stiffness on cell
morphology, cytoskeletal structure, and adhesion. Cell Motil Cytoskelet. 60, 24–34.
Yonemura, S., Wada, Y., Watanabe, T., Nagafuchi, A., and Shibata, M. (2010). alphaCatenin as a tension transducer that induces adherens junction development. Nat. Cell
Biol. 12, 533–542.
Yu, H., Mouw, J.K., and Weaver, V.M. (2011). Forcing form and function:
biomechanical regulation of tumor evolution. Trends Cell Biol. 21, 47–56.
Zhao, J., Pestell, R., and Guan, J.L. (2001). Transcriptional activation of cyclin D1
promoter by FAK contributes to cell cycle progression. Mol Biol Cell 12, 4066–4077.
Zhong, C., Kinch, M.S., and Burridge, K. (1997). Rho-stimulated contractility contributes
to the fibroblastic phenotype of Ras-transformed epithelial cells. Mol Biol Cell 8, 2329–
2344.
Zhu, A.J., and Watt, F.M. (1996). Expression of a dominant negative cadherin mutant
inhibits proliferation and stimulates terminal differentiation of human epidermal
keratinocytes. J Cell Sci 109 ( Pt 1, 3013–3023.
Zhu, X., Ohtsubo, M., Bohmer, R.M., Roberts, J.M., and Assoian, R.K. (1996).
Adhesion-dependent cell cycle progression linked to the expression of cyclin D1,
activation of cyclin E-cdk2, and phosphorylation of the retinoblastoma protein. J Cell
Biol 133, 391–403.

	
  

106

